Sea level, ice sheets and climate during marine isotope sub-stages 5a and 5c by Potter, Emma-Kate
Sea Level, Ice Sheets and Climate during 
Marine Isotope Sub-stages 5a and 5c 
Emma-Kate Potter 
Research School of Earth Sciences 
Australian National University 
A thesis submitted for the degree of 
Doctor of Philosophy of The Australian National University. 
November 2002 
Statement 
This thesis is an account of my research undertaken during the period March 1999 to 
November 2002 while I was a full-time student in the Research School of Earth Sciences 
at the Australian National University. Except as otherwise indicated in the text, the work 
described is my own. This thesis has never been submitted to another university or similar 
institution. 
Emma-Kate Potter 
Canberra 
November 2002 
... they are ill discoverers that think there is no land when they can see nothing but sea. 
Francis Bacon (1561-1626) 
Acknowledgments 
There are so many people who deserve recognition for their contributions to this thesis and 
to my life during the last few years . First of all I would like to thank my supervisor Kurt 
Lambeck for his support, guidance and his talent for always knowing the right questions to 
ask! Thanks also to Tezer Esat for our animated discussions and for teaching me the 'ins 
and outs' of U-Th mass spectrometry. Thanks to John Chappell for sharing his expertise 
on 'all things Huon Peninsula'. A special thank you Herb McQueen for always being there, 
whether it be for a laugh or as a shoulder to cry on, and for being a true mentor (thanks 
also for the secret stash of snacks in the top drawer of your filing cabinet ... ). 
Thanks to those 'geodynamites' who have come and gone and those who have been there 
all along: Jean, Derek, Paul T, Clementine, Yusuke, David, Georg, Susanne; to Paul 
J and Tony for patiently answering endless questions about 'glacio-hydro-isostasy'; to 
Richard and Frederic for making me the 'senior' student; to Kevin for the cakes; to Julie 
and erilie for the therapeutic 'girl ' chats; and to Jonathon for our deep philosophical 
discussions about life, the universe and PhDs. Thanks also to the rest of the lunchtime 
crowd including Todd, Malcolm S, Stewart and ick. A huge thank you to Lois for being 
a true friend and for always making me smile. Thanks also to Graham for teaching me 
everything I know about U-Th chemistry. Many thanks to Helen, Gael , Juan, John M., 
Wolfgang and many others for their professional and personal support. I am also deeply 
grateful for the assistance of Ulrich Radtke, Gerhard Schellmann and Eugene Wallensky 
during the Barbados and P G fieldwork. 
Before the dreaded 'writing-up phase' I seem to recall having a bit of a life outside my 
office and lab that was made worthwhile thanks to the friendship of Helen, Gerard, Susie, 
Matt, Todd, Pip, Carrie and Darren and Co. Thanks also to Linda, Jess and Ben for our 
'Purple Pickle' lunches. 
Thanks to mum and dad for your constant love and encouragement - I never would have 
made it this far without you. (Thanks also for moving overseas and trusting me with the 
house, car, and access to the bank account !!!) 
And finally, to my best friend and husband Steve - without your love and support (and 
proof-reading skills) this thesis may not have made it to the printer. Thank you for 
believing in me even when I did not believe in myself. 
Abstract 
The timing and magnitude of marine isotope sub-stage (MIS) 5a and 5c sea-level oscil-
lations have been determined by U-Th dating of more than 80 coral samples from the 
uplifted reef terraces at Barbados. At least three distinct periods of coral growth during 
sub-stages 5a and 5c have been identified and are associated with morphologically distinct 
reef deposits. The 'classic' sub-stage 5c and 5a deposits were found to have ages of rv 101 
ka and rv84 ka respectively. An additional period of coral growth during sub-stage 5a was 
found to occur at rv77 ka BP. This is the first time a distinct sea-level feature of this age 
has been clearly established. The extensive U-Th data set has also enabled an examina-
tion of the processes influencing the reliability of U-Th dating, including the possibility of 
changes in oceanic 5234 U and the effects of diagenetic alteration on a coral's U-Th system. 
The sea levels associated with the classic sub-stage 5c and 5a deposits and the addi-
tional 5a feature at Barbados are -15±4 m, -19±4 m and -19±4 m respectively. Further 
estimates of sub-stage 5a sea level at sites throughout the Caribbean range from -19 m 
at Barbados to above present sea level on the US East Coast. These estimates are recon-
ciled in the current study by taking into account the effects of glacio-hydro-isostasy. The 
comparison of sea-level observations with glacio-hydro-isostatic model predictions provides 
constraints on both the melting history of the Laurentide Ice Sheet (LIS) during MIS 5 
and on the effective viscoelastic rheology of the Earth. In particular, the modelling re-
sults suggest that the LIS may have been centred further north and that it contributed a 
smaller proportion to the global ice volume during MIS 5 compared to MIS 3 or the last 
glacial maximum. The results also point to a high viscosity for the upper mantle beneath 
the LIS and surrounding region (>4x 1020 Pas) and a high viscosity for the lower mantle 
(>lx 1022 Pas). 
The new Barbados sea-level record established in this thesis implies that the sea-level 
change during sub-stages 5a and 5c is more complex than suggested by some previous 
studies . A similar complexity is also implied by the MIS 5 uplifted coral reefs at Huon 
Peninsula, P G. A comparison of these sea-level observations with other proxy records of 
climate change indicates that climate variability during MIS 5 is the result of a complex 
interplay between insolation forcing and intrinsic climate instability. 
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Chapter 1 
Introduction 
Climate change during the late Quaternary has been dominated by large scale oscillations 
between glacial and interglacial conditions. Ice volume and sea level are a direct measure 
of the state of climate, so precisely defining the timing and magnitude of global ice-volume 
variations during the last glacial cycle can aid in illuminating the mechanisms involved 
in the control of climate change. The focus of this study is sea-level change during ma-
rine isotope sub-stages 5a and 5c. These events are of importance because they represent 
the transition between the interglacial conditions of sub-stage 5e, similar to the Earth's 
present state, and the more heavily glaciated period leading into the last glacial maximum. 
In this thesis I will demonstrate that by interpreting sea-level observations in the context 
of glacio-hydro-isostatic models and other proxy records of climate change, a coherent 
picture of climate can be established. 
Estimates of global ice volume can be made from 518 0 records derived from shells of 
foraminifera in deep sea cores (Shackleton and Opdyke, 1973). However, foraminifera 
not only measure changes in global oceanic 518 0, but are also a function of temperature 
changes and local variations in water 518 0. Instead of using this proxy, direct estimates of 
changes in global ice volume can be made from the preserved evidence of past sea levels. 
Indicators of paleo-sea level include coral reefs wave cut notches, marine facies, beach de-
posits and periodically submerged speleothems. Late Pleistocene coral reefs , where they 
are well preserved and accessible can be dated using high precision U-Th techniques to 
provide a very useful record of the timing and magnitude of sea-level change. 
This study focuses on the sea-level oscillations during marine isotope sub-stages (MIS ) 
5a and 5c which immediately follow the last interglacial period ( sub-stage 5e). In most 
parts of the world coral reefs and other sea-level indicators that formed during t hese 
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events are presently submerged and have often been overprinted during the subsequent 
post-glacial sea-level transgression. However, at rapidly uplifting coastlines (such as Bar-
bados, West Indies, and Huon Peninsula, Papua New Guinea), coral reefs that formed 
when sea level was below present are now exposed above present sea level (Veeh and 
Chappell, 1970; Mesolella et al., 1969). Subsequent studies have established that the up-
lifted coral terraces of Barbados and Huon Peninsula record each of the major interstadials 
and interglacial events identified in the deep sea core 818 0 records over at least the last 
400-500 ka (Chappell, 1974; Bender et al., 1979; Schellmann and Radtke, 2001). 
Previous studies at Barbados suggest there were two distinct periods of reef growth cor-
responding to the 'classic' sub-stage 5a and 5c events identified in marine 8180 records 
(Gallup et al., 1994; Ku et al. 1990; Edwards et al., 1987b; Bard et al., 1990). Recent 
revised morphostratigraphic mapping of the southern Barbados coral terraces reveals a 
number of additional, morphologically distinct sub-reefs (Schellmann and Radtke, 2001). 
These observations imply a more complex sea-level history than has previously been pro-
posed for that period, but the timing of these events have not been, well established. 
High precision U-Th ages are required for the purposes of calculating precise sea levels 
associated with each of these deposits and for comparison with other proxy climate records. 
Typical analytical precision for U-Th age analyses is 200-400 years for 80-100 ka sam-
ples.1 Additional uncertainties may be introduced by the effects of sub-aerial weathering 
and diagenetic alteration, which can lead to the mobilisation of uranium and thorium iso-
topes. The effects of subtle diagenetic alteration on the U-Th system in corals are not well 
understood (Gallup et al., 1994; Hamelin et al., 1991; Bar-Matthews et al., 1993; Fruijtier 
et al. , 2000; Thompson et al. , 2002). A comparison of the calculated initial 8234U of a 
coral sample2 with that of modern corals is regarded as one of the most important criteria 
for judging of the reliability of the measured U-Th age (Gallup et al. 1994; Stirling et_ al., 
1995) . This criterion is based on the assumption that the 8234U of ocean water remains un-
changed over time-scales of several hundred thousand years (Henderson, 2002). However, · 
t here is a growing body of evidence that suggests ocean water 8234 U may have changed 
during the last glacial cycle (see chapter 3 for references). This may complicate the -use of 
8234 U as a test of closed system behaviour and has implications for the interpretation of 
1This quoted uncert ainty does not include uncertainty in the decay constants of the radioactive uranium 
and t horium isotopes. 
2 c5 234 U is a conventional expression of the permil excess. of 234 U over 238 U compared to an equilibrium 
state. 
3 
U-Th ages. By extensively sampling and dating a large number of samples from each site, 
the issues of oceanic o234 U and the effects of diagenetic alteration can be addressed more 
comprehensively. This sampling strategy also minimises the assignment of erroneous ages 
and may be as important as other physical, chemical and isotopic criteria in determining 
the reliability of dating results. 
Milankovitch's (1941) orbital forcing model postulates that global ice volume and climate 
are dependent on orbitally-driven changes in seasonal solar insolation received at high 
northern latitudes. The main periods of climate oscillation predicted by insolation vari-
ations (rv20-100 ka, Berger, 1988; Berger and Loutre, 1991) are present in many records 
of climate change (Hays et al., 1976). However, a more complex picture of sea level and 
climate change has emerged in recent studies. In particular, climate variability at fre-
quencies higher than predicted by Milankovitch's orbital forcing model are also present. 
This 'suborbital' period climate variability is evident in MIS 3 Greenland ice core 518 0 
records (proxy for atmospheric temperature changes, Dansgaard et al., 1993; Bond et al., 
1993) and in North Atlantic Ocean sediment records ( episodes of enhanced ice-rafted de-
bris (IRD) deposition and interruptions to the thermohaline circulation, Heinrich, 1988; 
Bond and Lotti, 1995; Chapman et al., 2000). The major ice-rafting episodes during 
MIS 3, known as Heinrich events, occur every 5-7 ka and also appear to be associated 
with rapid sea-level oscillations identified at Huon Peninsula (Yokoyama et al., 2001b; 
Chappell, 2002). The mechanisms leading to these periodic climate oscillQ,tions are not 
yet well established. Internal instability and collapse of the Laurentide Ice Sheet has been 
suggested as a trigger for the periodic interruptions of North Atlantic thermohaline cir-
culation (MacAyeal, 1993a, b). Other external forcing mechanisms have been proposed 
that involve non-linear interactions between the atmosphere-ocean system (Cane, 1998). 
Variations of a similar frequency to Heinrich events are also evident in MIS 5 ice core and 
oceanic records (Chapman and Shackleton, 1998, 1999; McManus et al., 1994; Oppo et 
al., 2001; Oppo and Lehman, 1995). Because the distribution of ice in the North Atlantic 
region at this time was different to that of MIS 3 ( Clark et al., 1993), a comparison of the 
climate instabilities in these two periods can give an insight into the behaviour of climate 
in different mean states. 
At first glance, estimates of stage 5a sea level from the Caribbean and surrounding region 
appear to be inconsistent (see figure 1.1). In Barbados, at the peak of stage 5a, sea level 
reached rvl9 m below present (this study). Dodge et al. (1983) estimated that the stage 
5a sea level at Haiti was rv 13 m below present. Further north, in the Bahamas, stage 
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Figure 1.1: Summary of sub-stage 5a sea-level estimates and locations in the Caribbean region. See text for references. Observations summarised in detail in section 4.5 of chapter 4. 
5a beach deposits above present sea level indicate that local sea level rose to above 5m 
below present at that time (Hearty, 1998; Hearty and Kindler, 1994; Hearty and Kaufman, 
2000; Kindler and Hearty, 1996). Dating of a submerged speleothem at Lucayan Caverns 
near Grand Bahama Island suggests that sea level remained below -8.5 m during stage 5a 
(Lundberg and Ford, 1994; Toscano and Lundberg, 1999). Submerged sub-stage 5a coral 
reefs off the south-east Florida Keys indicate that sea level at that time was between 6-10 
m below present, allowing for subsidence (Ludwig et al., 1996; Toscano and Lundberg, 
1999). At Bermuda, stratigraphic considerations, amino acid racemisation dating and U-
Th dating of samples from a coral rubble deposit above present sea lev~l suggest t};lat sea 
level may have been near or above present during sub-stage 5a (Hearty and Vacher, 1994; 
Ludwig et al., 1996; Muhs et al., 2001). On the US East coast, marine facies deposits, 
including coral rubble have been identified at elevations of greater than 3 m above present 
suggesting that sea level reached that point during sub-stage 5a (Szabo, 1985;. Cronin et 
al., 1981; J. Wehmiller, pers. comm.). These different estimates are generally attributed 
to poor sample quality, non in situ sample collection, uncertainties in tectonic. setting · 
and/ or poor stratigraphic context. 
Observations of relative sea levels do not simply record changes in ice-equivalent sea level.3 
3Ice-equivalent sea level is defined as an ocean averaged change in sea level associated with melting a 
volume of ice (see chapter 5). 
5 
Instead, local sea-level change reflects not only changes in global ice volume but also the 
effects of the deformation of the Earth and perturbation of the geoid in response to chang-
ing ice and water surface loads. Collectively, these latter effects are termed glacio-hydro-
isostasy. The sites mentioned above span the outer intermediate-field region associated 
with the Laurentide Ice Sheet and therefore experience different glacio-hydro-isostatic ef-
fects. For this reason the relative sea-level histories at these sites differ. Past changes in 
local sea level are a function of the glacio-hydro-isostatic state of the earth at the time of 
interest relative to the present day and depend on both the Earth's viscoelastic rheology 
and the melting history of global ice sheets. For Caribbean sites, the melting history of 
the Laurentide Ice Sheet prior to and after the time of interest are important factors in 
determining the relative sea level at that time. A spatially and temporally distributed 
data set of sea-level observations can be used to place constraints on the earth and ice 
model parameters. 
The aims of this thesis are to: (i) constrain the timing and magnitude of the classic sub-
stage 5a and 5c sea-level oscillations at Barbados; (ii) investigate the validity of the c5234 U 
criterion as a test of reliability of U-Th age measurements; (iii) examine the relationships 
between global ice volume and orth Atlantic region sub-orbital climate variability dur-
ing MIS 5; (iv) use glacio-hydro-isostatic considerations to reconcile estimates of relative 
sea level at Barbados and Huon Peninsula with those from other sites in the Caribbean 
region· and (v) place constraints on the global ice volume variations and laurentide Ice 
Sheet distribution during MIS 5. 
The thesis is divided into 2 parts. Part 1 ( chapters 2, 3 and 4) deals with the obser-
vation of sub-stage 5a and 5c relative sea level at Barbados, Huon Peninsula (P G) and 
other site in the Caribbean and surrounding region. Chapter 2 presents an overview of 
the election criteria and analytical techniques involved in the U-Th dating of coral. The 
re ults of the U-Th analyses of over O Barbados coral samples are presented in chapter 
3. Chapter 3 al o di cu es potential mechanisms for changing ocean water c5234 U as well 
as model of open system U-Th behaviour in corals and highlights how these influence the 
interpretation of U-Th age . Chapter 4 presents the calculation of relative sea levels for 
each of the features identified at Barbados and a sea-level curve based on the Huon Penin-
ula uplifted coral terraces is al o presented. In addition the implications of sub-orbital 
ea-level oscillations are di cussed in the context of the factors controlling climate change, 
such as in olation forcing and ice sheet instability. Finally chapter 4 contains a detailed 
ummary of the published estimates of sub-stage 5a relative sea level from sites in the 
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Caribbean and surrounding region. In Part 2, ( chapters 5 and 6), I review the concepts 
of glacio-hydro-isostasy and present the results of numerical models which reconcile the 
seemingly conflicting estimates of sea level during sub-stage 5a. This is followed by a dis-
cussion of the constraints placed by these observations on the Earth's rheological structure 
and the melting history of the Laurentide Ice Sheet. 
Part I 
Relative Sea-Level Observations 
7 
,,, 
Chapter 2 
U -Th Age Analysis 
2.1 Introduction 
U-Th dating, based on the decay series of 238 U-234 U-230 Th, is the most commonly used 
technique in the analysis of late Quaternary-age carbonate material. This dating method 
is applicable to coral samples that were deposited less than 200 years ago (Edwards et 
al., 1987a) and extends beyond the approximately ""50 ka upper dating limit of 14C to as 
early as 500-600 ka BP (Stirling et al., 2001) .1 Using thermal ionisation mass spectrome-
try (TIMS) analysis techniques, a precision of better than 0.5% can be routinely achieved 
for samples of 100 ka age. The focus of this study is the dating of late Pleistocene-age 
coral samples, of mainly sub-stage 5a and 5c age ( ""80-100 ka), from the uplifted coral 
terraces at Barbados. 
U-Th dating is based on the following decay series: 
23su 234u 
T230 
1/2 
~ .. . ---+ 206 Pb (2 .1 ) 
where the decay half-lives, TfJf, Tf/i and TfJ~ are 4.49x109 yr, 2.48x105 yr and 7.5x104 yr 
respectively. 
Physical and geochemical processes can lead to the separation of daughter nuclides of 
this decay chain from their parents, producing a state of isotopic disequilibrium (Faure 
19 6). The half-life of the parent 238 U, is several orders of magnitude larger than that of 
its daughters 234 U and 230Th. Hence if there is an excess of one of the daughter isotopes 
in this decay chain (such as 234 U) the decay of that daughter will occur more rapidly 
1 For samples younger than ,..._,50 ka, both U-Th and 14 C dating techniques can be used, however the 
relationship between the radiocarbon time-scale and true calendar age is not well known prior to 20 ka BP 
as the production rate of 14 C in the atmosphere has not been constant. 
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than its formation from the decay of 238 U, and the system will approach a state of secular 
equilibrium. In this state, the activity of all of the radioactive daughters of the decay 
chain are equal to the activity of 238 U: 
(2.2) 
where N is the concentration and ,\ is the decay constant of each isotope (,\ ex 1/T1 ). 
2 
Therefore, in a state of secular equilibrium, the abundance of each isotope is directly pro-
portional to its half-life. 
U-Th dating of corals is possible because the 238 U-234 U-230 Th system is in disequilib-
rium in corals. As the carbonate skeleton of coral forms, it incorporates and concentrates 
elements from the surrounding seawater. Uranium and thorium exhibit different chemical 
behaviour and are highly chemically fractionated in seawater. Uranium is readily oxidised 
to the highly soluble uranyl (U6+) ion and is easily dissolved in seawater under oxidising 
conditions. Thorium, however, is highly insoluble, and readily adsorbed onto the surfaces 
of particulate matter and quickly removed from the water column. Immediately after 
deposition, a coral skeleton contains l",,J3 ppm of uranium and virtually no thorium. 
In an unaltered fossil coral sample, the only 230Th that is present has been formed solely 
by the in-situ decay of its parent, 234U. Thus, the activity of 230Th increases until the 
system approaches secular equilibrium (figure 2.1). The concentrations (N) of the iso-
topes, 238 U-234 U-230Th, at some time (T) after the deposition of the coral skeleton can be 
expressed as: 
dN23s 
dT 
dN234 
dT 
dN230 
dT 
. (2.3) 
The relative concentrations of these isotopes are, therefore, a measure of the time elapsed 
since the deposition of the coral skeleton. This is only true if the coral skeleton has re-
mained a closed system with respect to uranium and thorium, meaning that no addition 
or removal of t hese isotopes has occurred other than by the process of radioactiv:e decay. ·· 
The half-life of 238 U decay is several orders of magnitude larger than that of its daughters , 
so A23s << A234, ,\230 and the change in concentration of 238 U over the time-scale of the 
dating technique can be considered negligible (N238 (t) ~ constant). Using these assump-
tions , the system of differential equations (2.3) can be used to relate the time (T) since the 
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Figure 2.1: a~ The 234 U / 238 U activity ratio as a function of time for the case of initial disequi-
librium, [234 U / 2 8U]act of 1.15 (solid) and initial equilibrium (dashed). b) The 230 U / 238 U activity 
ratio as a function of time for the same two cases. 
deposition of the coral skeleton to the U-Th isotopic composition of the coral as follows: 
where [230Th/238 U] act is the measured activity ratio of 230 Th and 238 U. The quantity 
c5234 Um is a conventional expression of the present day 234 U / 238 U activity ratio: 
(2.5) 
(2.6) 
River water (and consequently _ocean water) contains an excess of 234 U with respect to 
238 U.2 The decay of 238 U produces 234 U via the emission of an alpha particle and short-
lived intermediate daughters, 234Th and 234Pa. The daughter 234 U recoils as a result of this 
decay, which can damage its lattice site and allow for more efficient leaching and removal 
from the host material compared to the -lattice bound 238 U. (Cherdyntsev, 1971; Osmond 
and Ivanovich, 1992). This alpha· recoil may also lead to ejection of the 234 U daughter 
directly from the surface of the host material and into surrounding pore-water (Fleischer, 
1982). The dislocation of 234 U and the damage of its lattice site may also encourage 
oxidation to the more soluble uranyl (U6+) ion (Ku et al., 1992). As a result, there is en-
hanced leaching of 234 U compared to 238 U during continental weathering, particularly from 
2 An excess of 234 U with respect to 238 U means the activity of 234 U is greater than that of 238 U i.e. 
A 234N234 > A23sN23s; [ 234 U /238 U]act is greater than unity and o234 U is greater than O%o. In ocean water , 
o234 U is around 148%0. 
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limestones, uraniferous black shales and sedimentary rocks (Palmer and Edmond, 1993). 
Hence, an enhanced 8234 U may be present in percolating ground water, river water and 
seawater. Another source of 234U-enriched seawater may be the diffusion of 234U through 
pore water in ocean sediments (Ku, 1965). As a result of these processes, 234U in ocean wa-
ter is maintained in excess over secular equilibrium by approximately 15% (8234U~ 148%0) 
The uranium isotopic composition of seawater is recorded in the coral's skeleton at the 
time of growth. Over time, decay of the excess 234U leads to a decrease of the 234U / 238 U 
activity ratio, represented by S234U. Hence at some time (T) after a coral's deposition, its 
8234U is related to the initial value ( S234Ui) by the following expression: 
6234u m = 6234Uie-A234T (2.7) 
8234U of the ocean is generally assumed to have remained constant during the late Pleis-
tocene due to the long residence time of uranium in the ocean (Chen et al., 1986). There-
fore, a comparison of the calculated S234 Ui with the present day 8234U of the ocean is 
regarded as the most useful quantitative test of the reliability of the measured U-Th age 
of a coral. 3 However, there is a growing body of evidence suggesting that 8234 U of the 
ocean has changed measurably during the last glacial cycle (see chapter 3). The 5234U 
reliability criterion will be addressed further in section 2.3.3 and in chapter 3. 
3This expression, instead of equ.ation 2.4, could be used to calculate the age of a fossil coral if i) the 
initial b234 U of the sample is known and, ii) the coral has remained a closed system with respect to the 
uranium isotopes. However, the effects of diagenetic alteration on the U-Th system in fossil corals are still 
not well understood. For this reason, the age of the coral is generally calculated from equation 2.4, with 
equation 2.7 then used to calculate the initial b234 Ui of the sample. 
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2.2 230Th and 234U half-lives 
Until recently, the half-lives of 230Th and 234 U generally used in the calculation of U-Th 
ages were 75.38±0.59 ka (Meadows et al., 1980) and 244.5±0.7 ka (weighted average of 
244.6±0.73 ka from De Biever et al., 1971, and 244.4±1.2 ka from Lounsbury and Durham, 
1971 , see table 2.1). 
Authors 234 U half-life 230 Th half-life 
Meadows et al., 1980 75.38±0.59 
De Biever et al., 1971 244.4±1.2 
Lounsbury and Durham et al., 1971 244.6±1.2 
Ludwig et al., 1992 245.29±0.14 
Cheng et al., 2000 245.25±0.49 75.69±0.59 
Bernalet al., 2002 244.29±0.12 
Table 2.1: Summary of 230 Th and 234 U half-life determinations. The half-lives used in the 
calculation of U-Th age in this study are given by Meadows et al. (1980) T230 = 75.38 ± 0.59 
ka) and De Biever et al. (1971) and Lounsbury and Durham et al. (1971) (weighted average 
T230 = 244.5 ± 0.7 ka). The decay half-life (T1; 2 ) is related to the decay constant (-\) by the 
following relationship: T1; 2 = ln(2) / A. 
Cheng et al. (2000) recently revised the estimates of half-lives of 230Th and 2-34U by TIMS 
analysis, using electron multipliers for the low intensity beams. The measured half-lives 
were T230 =75.69±0.59 ka and T234 =245.25±0.49 ka respectively. Both of these revised 
values are higher than those determined in previous studies but are within the quoted error. 
Bernal et al. (2002) measured the half-life of 234 U to be 244.29±0.12 ka by simultaneously 
measuring high intensity uranium beams of a secular equilibrium uraninite standard in a 
Faraday cup array. The value determined by Bernal et al. (2002) is more consistent with 
the earlier measurements of 234 U half-life, but has a smaller quoted uncertainty. Bernal et 
al. (2002) suggest that the half-life determinations of Cheng et al. (2000) may have been 
biased by instrumental artefacts such as dead-time corrections for the non-linear response 
of the electron multiplier and/ or the uncertainty in the transmission to the multiplier 
through the RPQ. Because of the possible uncertainties in the measurements of Cheng et 
al. (2000) and the apparent conflict with the results of Bernal et al. (2002), in this study 
I use the earlier determinations from Meadows et al. (1980), De Biever et al. (1971) and 
Lounsbury and Durham (1971). A brief discussion of the analytical uncertainties in the 
calculated U-Th ages is given in section 2.6. 
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2.3 Reliability criteria 
The processes of leaching and/ or recrystallisation of the primary aragonite skeleton of 
a coral can lead to the mobilisation of uranium and thorium isotopes, thus potentially 
changing the apparent U-Th age. The possible effects of alteration on the U-Th system 
include the following: i) loss of uranium and thorium isotopes by leaching and dissolution 
via freshwater or seawater percolating through the coral skeleton; ii) uranium and thorium 
in ground water fluids may be incorporated into the coral during recrystallisation; iii) ex-
traneous uranium and thorium may be added to the coral skeleton from the surrounding 
seawater or percolating ground water in the form of pore cements or detrital contamina-
tion. In addition, the different chemical behaviour of uranium and thorium may lead to 
the preferential removal or addition of one element relative to the other. 
Assessing the reliability of a coral's measured U-Th age relies on a number of isotopic 
criteria, as well as thin section microscopy and X-ray diffraction analysis to look for evi-
dence of physical alteration such as leaching or re-crystallisation of the primary aragonite 
skeleton to calcite or secondary aragonite. These reliability criteria are discussed in more 
detail in the following sections. 
2.3.1 Sample collection 
The effects of diagenetic alteration on the U-Th system are not well understood ( Gallup et 
al. , 1994; Bar-Matthews et al., 1993; and Hamelin et al., 1991). For this reason, isolated 
age measurements of samples that may have undergone subtle alteration have the potential 
to produce misleading results. Therefore, it is desirable to extensively sample each site of 
interest to obtain multiple ages for a given horizon. For calculating paleo-sea levels, it is 
also necessary to take into account the stratigraphic context of each coral sample. Using 
these guidelines minimises the assignment of erroneous ages. We believe this approach 
to be as important as other physical, chemical and isotopic criteria in determining the 
reliability of dating results. 
2.3.2 Petrography 
In nature, the two most common forms of calcium ~arbonate are aragonite, with an or-
thorhombic crystal structure and calcite, with a hexagonal structure. Under normal pres-
sure and temperature condit ions, aragonite is metastable (Deer et al. 1970). However, 
in a marine environment most organisms that have calcareous skeletons, including corals, 
precipitate them as aragonite. When a coral is removed from the marine environment and 
2.3. RELIABILITY CRITERIA 15 
exposed to sub-aerial weathering, it is susceptible to dissolution, and readily converts to 
calcite. In contrast, in a marine environemt, recrystallisation is more likely to be in the 
form of secondary aragonite (Bar-Matthews et al., 1993). 
The transformation of the coral skeleton through dissolution and/ or reprecipitation occurs 
on a number of scales. In some cases, calcitic or aragonitic cements are precipitated in the 
pore spaces from percolating ground water or from sea water that is supersaturated with 
respect to calcium carbonate. This cementation can fill the pore spaces but leaves the bulk 
of the original skeleton untouched. In cases where large parts of the coral skeleton are dis-
solved and replaced, this process in obvious in thin section because the primary structure 
of the skeleton can be destroyed. In contrast, during neomorphic replacement, dissolution 
and replacement of primary aragonite occurs on a very fine scale while preserving the 
original structure of the skeleton (Marshall, 1983; Bar-Matthews et al., 1993; and James , 
1974). Under these conditions, dissolution of primary material is often initiated in the 
centres of the trabeculae, well within the skeletal walls, along the centres of calcification 
(Marshall, 1983). Fine scale dissolution can result in the formation of micropores in the 
crystal structure. These regions can be identified in thin section as dark patches where 
the primary aragonite fibrous bundles are obscured (Bar-Matthews et al., 1993). 
The presence of secondary calcite within a coral skeleton can be identified using X-ray 
diffraction analysis. This technique uses a collimated beam of monochrom~tic X-rays to 
measure the spacing between crystallographic planes to identify different crystalline struc-
tures. It can be used to determine the relative proportions of calcite and aragonite within 
a sample with a detection limit of 1-2% calcite. Generally, samples with non-negligible 
calcite fractions (>1-2%) are considered unsuitable for dating. 
Secondary aragonite cannot be distinguished from the primary material using X-ray diffrac-
tion. Instead, secondary aragonite and dissolution textures must be assessed qualitatively 
in thin section. As discussed previously, the textures arising from alteration include re-
gions of fine dissolution micropores in which the characteristic fibrous bundles of aragonite 
crystals are obscured in thin section. Bar-Matthews et al. (1993) have shown that these 
micropores are sometimes filled with micron-sized aragonite crystals. In some cases, on 
a larger scale, micron-sized equant-tabular aragonite crystals replace the primary radial-
fibrous texture. The precipitation of aragonite needle cements in the pore spaces of the 
coral skeleton are also identifiable in thin section. The micro-dissolution textures discussed 
above are also evident in modern corals. For this reason samples are not disregarded on 
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the basis of these textures. 
In this study, samples were generally found to contain negligible calcite. However, in 
a number of samples there is some evidence for the dissolution textures described by 
Bar-Matthews et al. (1993) where the primary fibrous bundle textures of the skeleton are 
partially obscured. There is also evidence for precipitation of aragonite needles in the pore 
spaces in some samples. All of the corals in this study were exposed to sub-aerial weath-
ering shortly after growth due to uplift and falling sea level, therefore any precipitation 
of secondary aragonite probably occurred shortly after growth in a marine environment. 
If this is the case then thes~ aragonite cements should have a minimal effect on the U-
Th age (Hamelin et al., 1991). Figure 2.2 illustrates of a range of petrographic textures 
in thin sections that have been observed in the samples collected for the present study. 
Bar-Matthews et al. (1993) were not able to establish a correlation between the observed 
petrographic textures and the results of the U-Th measurements and this is also the case 
in this study. Therefore, samples showing subtle petrographic indicators of alteration were 
not disregarded a priori. 
2.3.3 Isotopic and chemical reliability criteria 
Uranium content 
The uranium concentration of modern coral ranges between 2 and 3.5 ppm (Edwards et 
al., 1987a; Szabo et al., 1994; Shen and Dunbar, 1995; Gallup et al. , 1994; Hamelin, et al. , 
19 91). A distinct offset between the uranium concentrations of different species is evident 
in both modern and fossil corals (see results in chapter 3· and Min et al., 1995; Chen et 
al., 1991), which is probably due to biological effects. In addition, Min et al. (1995) and 
Shen and Dunbar (1995) have shown that the U /Ca ratio of a coral is also a function of 
water temperature and can vary by up to 3-4% per °C. · 
It is expected that the uranium concentration of a pristine fossil coral will fall within 
the range observed in modern samples, assuming the uranium concentration in the ocean·· 
has not changed significantly during the last several hundred thousand years. Alteration 
processes such as leaching, dissolution and re-precipitation of secondary calcite and arag-
onite may lead to the addition of extraneous uranium to the skeleton or the mobilisation 
and loss of uranium from the coral, both of which may affect the apparent U-Th age of 
the sample. 
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Figure 2.2: Examples of alteration textures seen in corals collected during this study (length of 
scale in each case is 400µm) a) Acropora palmata - longitudinal section, generally well preserved 
bundles of aragonite fibres; some cements on void walls; b)Acropora palmata, longitudinal section, 
in cross polarised light - generally well prese:r;ved bundles of aragonite fibres; small, secondary arag-
onite cements in voids c) Diploria sp. - longitudinal section in cross polarised light, generally well 
preserved bundles of aragonite fibres; · d) Acropora palmata longitudinal section in cross polarised 
light - fine aragonite cements on walls of voids. 
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Figure 2.3: Further examples of alteration textures seen in corals collected during this study (length of scale in each case is 400µm). a) Siderastrea sp. - cross section in cross polarised light, 
well preserved bundles of aragonite fibres, some minor aragonite cements on walls; b) Acropora palmata - cross section in cross polarised light, possible infilling of voids, and aragonite fibres 
obscured, possibly an indicator of microscale dissolution processes; c) Siderastrea sp. - cross 
section in cross polarised light, possible infilling in septae, some cementation on walls; d) Acropora palmata - longitudinal section, generally well preserved bundles of aragonite fibres but possibly 
some dissolution textures. 
2.3. RELIABILITY CRITERIA 19 
232 Th concentrations 
232Th, like 230Th, is highly insoluble and virtually absent from seawater. Consequently, a 
pristine coral skeleton initially contains negligible quantities of either isotope. Continental 
rocks and their particulate weathering products contain 232Th in high concentrations (ppm 
to tens of ppm), as well as 238 U and its decay products 234 U and 230Th. Therefore, if this 
detrital material is deposited in the pore voids of a coral via percolating fluids, it may 
affect the apparent U-Th age of the samples. The presence of 232Th in a fossil coral 
sample is an indicator of this detrital contamination. Modern corals typically have a 
232Th concentration of less than 0.5 ppb (Edwards et al., 1987a; Chen et al., 1991). By 
assuming the composition of the contaminating material, a correction can be applied to 
the U-Th measured age to account for the detrital contamination (Chen et al., 1991; Stein 
et al., 1991; Eisenhauer et al., 1993). 
0234u 
As discussed in section 2.1, the excess of 234 U with respect to 238 U in the ocean is mainly 
due to the preferential leaching of 234 U from uraniferous shales, sediments and limestone. 
This disequilibrium is also reflected in the initial isotopic composition of the coral skeleton. 
The decay of excess 234 U leads to a decrease of o 234 U in the coral with time ( equation 2. 7). 
By calculating the U-Th age of the sample, and measuring its present o234 U, an initial 
o
234 Ui can be calculated. This initial value can be compared to that of modern corals to 
judge the reliability of a coral's measured U-Th age. 
Published measurements of pre~ent day o 234 U of seawater give a mean value of rvl44%o 
(Chen et al., 1986; Ku et al. 1977). New unpublished measurements suggest the value is 
around 148.5%0 (T. Esat, pers. comm.). o 234 U of modern corals has been measured to be 
around 148.5%0 (see figure 2.4, Stirling ~t al., 1996; Chen et al., 1991; Gallup et al. 1994; 
Edwards et al., 1987a). The residence time of uranium in the ocean, based on steady state 
models and present day fluxes, is calculated to be around 200-400 ka (Ku et al., 1977). 
Generally, if the initial o 234 U calculated for a fossil coral differs by more than 4-8%0 from 
the modern marine value, then the measured age is considered unreliable ( Gallup et al., 
1994; Stirling et al., 1998). However, there is growing evidence that ocean water 0234 U 
may have changed significantly during the last glacial cycle which would have profound 
implications for the interpretation of U-Th age measurements. This will be discussed 
further in chapter 3. 
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Figure 2.4: b"234 U measurements for modern corals (Gallup et al., 1994; Stirling et al., 1998; Chen et al., 1991; Hamelin et al., 1991; Edwards et al., 1987a; Szabo et al., 1994; Ludwig et al., 1996; Edwards et al., 1997). The mean value for modern corals is around 148.5%0. Measurements 
of 5234 U in the open ocean from Chen et al. (1986) have a mean value of aro_und 144±2%0 
Trace element composition 
Many studies have attempted to examine the relationship between trace element and sta-
ble isotope composition of fossil corals and the effects of diagenetic alteration on t1:e U-Th 
system (Chen et al., 1991; Stein et al., 1993; Bar-Matthews et al., 1993). In a study of 
last interglacial age corals from the Bahamas, most of which contained negligible calcite, 
Bar-Matthews et al. (1993) demonstrated a rough correlation between Na, SO3 and b234U 
which may be related to secondary aragonite emplacement. However, the timing of depo-
sition of this secondary material and the effect of this on the apparent U-Th age of these 
corals is unclear. 
For subtly altered corals, the~efore, the trace element composition has not yet been· es-
tablished as a useful quantitative test for diagenesis. Trace element analysis was not 
performed on the samples in this work although it may prove useful for a future study of 
the effects of diagenesis. 
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2.4 Chemical preparation 
Sample preparation and addition of 229 Th-233 U spike 
Coral sub-samples are cut and mechanically cleaned, where possible, using a small di-
amond coated drill. Some coral types, such as Diploria sp. and Siderastrea sp. , have 
well defined wall and septa fractions. The walls are generally better preserved than the 
open, porous septa fraction which is more susceptible to alteration and secondary calcite 
cementation. Stirling (1996) showed that the removal of this septa fraction can reduce the 
calcite content in some samples and lead to an improvement of the U-Th results, such as 
a lowering of o234Ui. Coral types such as Porites sp. and Acropora sp., which have no 
well-defined, distinct wall structures, cannot be cleaned in this way. In these coral types, 
sub-samples are taken from the parts that appear to be the least altered. 
Each sample is washed ultrasonically in water and acetone to remove surface contaminants, 
dried and then weighed. The samples are then covered in water and slowly dissolved by 
the step-wise addition of concentrated HNO3. A known amount of a double spike, 233 U-
229Th, is added to each sample to enable the determination of the concentration of the 
naturally occurring isotopes by isotope dilution. Concentrated H2O2 is added to the dis-
solved sample to remove any remaining organic material and assist the equilibration of 
sample and spike. 
Concentration of U and Th 
Corals contain only ppm levels of uranium ( l"V3 ppm) and less than ppb levels of thorium 
(20-40 ppt of 230Th in 80-100 ka corals) so they must be pre-concentrated from the sample 
solution which is dominated by ·calcium. To do this the sample-spike mix residue is re-
diluted in 1 H 03 and an Iron Chloride (FeC13) solution is added. By adding ammonium 
hydroxide to neutralise the acid solution, the Fe, U and Th are co-precipitated out of 
solution while Ca remains in solution. The precipitate, which contains Fe, U and Th 
and other trace elements is reserve_d and the supernate containing Ca is discarded. The 
precipitate is then washed and dissolved in 7 HNO3. 
Separation and purification of U and Th 
The optimum configuration for TIMS measurement of uranium and thorium is different 
and these elements are chemically separated prior to analysis. This separation is achieved 
by using an anion exchange resin that exploits the different behaviour of various metal 
anion complexes that adsorb to the resin in acid solutions of varying pH. Each sample, 
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which is dissolved in 7N HNO3 is loaded onto a pre-prepared anion exchange column. In 
concentrated HNO3 both uranium and thorium anionic complexes are readily adsorbed 
onto the resin, whereas Fe passes through without adsorption. Thorium is then eluted by 
passing 8N HCl through the resin, whereas uranium remains adsorbed. A less concentrated 
HCl (0.5 N) is then used to elute the uranium from the column. The separated U and Th 
fractions are then loaded separately onto small anion exchange columns and purified. Any 
remaining Fe is eluted using HNO3, and 0.5 N HCl is then used to elute the uranium and 
thorium. The purified fractions are then dried down in preparation for TIMS analysis. 
2.5 TIMS analysis of uranium and thorium 
The separated uranium fraction consists of the sample's naturally occurring 238 U, 235U 
·, 
and 234U, as well as the 233 U spike. The thorium fraction consists of 230Th, which is 
the daughter product of the 238 U decay, as well as the naturally occurring 232Th and 
the 229Th spike component. The 233U-229Th spike also contains trace amounts of the 
naturally occurring uranium and thorium isotopes. This is taken into consideration when 
using the measured isotopic ratios to calculate a U-Th age. The optimum configuration for 
measuring uranium and thorium isotopes using TIMS is different and they were analysed 
in this study using different machines. An overview of the measurement techniques for 
each element is given below. 
2.5.1 Uranium 
The concentration of uranium (238 U) in corals is around 3ppm and rv 1 µ.g of Uranium, or 
0.3-0.5 g of coral, is required for analysis. The optimum ionisation efficiency for uranium 
on the Finnegan MAT 261 is achieved with a double filament configuration. In _this 
set-up, the purified uranium fraction is loaded onto a rhenium 'evaporation' filament 
which is run at a temperature between 1000 and 1200°C. A much hotter (up to rv2000°C) 
rhenium 'ionisation' filament faces the evaporation filament. Both filaments h<;i,ve been -· 
pre-outgassed at rv2000°C. An ionisation efficiency of rv0.2% is achieved for a sample size 
of lµg. The multi-collector system allows the simultaneous· measurement of each of the 
isotopes 238U, 235U, 234U and 233 U; The 238U, 235 U and 233 U signals are measured on 
Faraday cups with a 1011 n feedback resistor. The signal of the lower abundance isotope, 
234U, is measured with an electron multiplier. 
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Faraday cup and electron multiplier gain 
The electronic gain of each Faraday cup is calibrated at the beginning of each sample 
run. The gain of the electron multiplier relative to that of the Faraday cups is measured 
regularly throughout a sample run. This is done by measuring the 235 U to 238 U ratio, first 
with both isotopes in Faraday cups and then with the 235 U in the electron multiplier. The 
235 U to 238 U isotopic ratio measured for each of these configurations are then compared, 
giving a measure of the gain of the electron multiplier compared to the Faraday cups. 
Isotopic fractionation correction 
Isotopic fractionation of the uranium isotopes that occurs during the ionisation process, 
and which may vary during the course of a sample run, must be taken into account. This 
is done by comparing the measured 235 U / 238 U ratio of the sample throughout the run, 
to that expected for a natural system (137.88) and adjusting the other isotopic ratios 
according to a power fractionation law. 4 
External reproducibility of uranium measurements 
A uraninite standard, HU-1 , was measured regularly to test the external reproducibility 
of the uranium analyses (figure 2.5). HU-1 is thought to be in secular equilibrium and the 
o234 U should therefore equal 0%o. The small, mean offset may be attributed to intrinsic 
machine bias, rather than a non-equilibrium state of HU-1 (Stirling, 1996). To compensate 
for this offset, a correction is applied to the measured 234 U / 238 U ratios. 
2.5.2 Thorium 
An optimum ionisation efficiency of 1-6% for thorium on the 61 cm TIMS at A U is 
achieved by loading the purified thorium fraction between two layers of colloidal graphite 
on a single, pre-outgassed (2000°C) rhenium filament. The 230 Th concentration of corals 
analysed in this study was generally around 20-30 ppt and 2 g of prepared coral were 
used for analysis, equivalent to 40-60 pg of 230Th. This produced a typical ion beam 
intensity of 1 - 5 x 10-14 A. A standard multi-collector Faraday cup and feedback resistor 
configuration cannot produce the required sensitivity for high precision measurement of 
ion beams of this magnitude. The standard technique used in thorium analysis is peak 
hopping, where each of the isotopes is measured sequentially on an electron multiplier or 
Daley detector (Edwards et al. 1987a; Bard et al., 1990). The peak-hopping technique 
allows for the amplification of the each of the small isotope signals in turn. However , this 
4( Nx ) _ ( Nx ) n N+nx m - N+nx I (l + a) 
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Figure 2.5: Repeat measurements of b"234 U of a standard (HU-1)-spike mix to test external 
reproducibility. As the HU-1 standard is thought to be in secular equilibrium·, the expected o234 U 
value is 0%o. The measured value ( ""0.5%o) is slightly offset from the expected value and can be 
attributed to machine bias. All measured ratios have been corrected for this. By normalising the measured isotopic ratios against those of the equilibrium standard, systematic error in decay 
constants and biases in the analytical procedure is largely eliminated (Ludwig et al., 1992) 
technique also reduces the effective analysis time and signal fluctuations can affect the 
measured ratios, so an alternative technique is used for thorium analysis in this work. 
In this study, we use a charge collection technique to measure the isotope signals of 230 Th, 
232Th and 229Th simultaneously on a multi-collector Faraday cup array. Insteaq of the 
signal of each isotope being measured across a feedback resistor, the system operates in 
'charge mode' where the signal produces a build up of charge across a 20 pico-Farad air 
core capacitor (Esat, 1995). This charge collection technique, which is described in rµore 
detail below, enables high-precision analyses of low intensity ion beams. 
For each isotope beam, the incoming ion current (I) results in a charge build-up across the · 
capacitor ( C). The rate of voltage accumulation acr9ss the capacitor is related to the ion 
current by: I=C~r. Thus, for a stable ion signal, the charge build-up, or dV /dt, is li:0:ear 
with time and the slope of voltage versus time is proportional to the ion beam intensity. In 
practice, the measurement of charge accumulatio~ is made in blocks of 60 voltage readings 
over an interval of rvl.5 minutes and a straight-line fit is made to the voltage signal as a 
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function of time. A background signal, which is measured for at least half an hour prior 
to each sample run, is subtracted from the measured signal. The ratio of the slopes of the 
straight line fit to each isotope signal is equal to the ratio of the isotope concentrations in 
the sample. 
The uncertainty associated with each data block is based on the quality of the straight 
line fit to the voltage accumulation signal. If the intensity of the beam changes during 
the course of a block, the calculated isotope ratios are unchanged because each isotope 
beam is affected in the same way. However, in this case, because the charge accumulation 
is not linear, the goodness of fit of a straight line reflects both statistical variability and 
the effects of the intensity variation. For stable ion beams, statistical variation is the only 
contribution to the uncertainty and C ~~ is a good measure of the ion beam signal. Hence 
the quoted uncertainty for a variable beam is larger than for a stable beam of approxi-
mately the same mean intensity. 
The typical isotope ratio uncertainty associated with each measurement block ranges up-
wards from 2%o. Early during each run, high intensity, stable ion beams produce relatively 
low uncertainties. As the run progresses, the signal degenerates, becoming unstable and 
eventually decays and block uncertainties increase. Generally, a sample run consists of 
30-60 blocks of data (figure 2.6). A weighted average of all data blocks gives a typical 
isotope ratio uncertainty of l"V0.5 %o . This charge collection method, in conjugction with a 
high thorium ionisation efficiency leads to more precise measurements than that of other 
researchers using the peak-hopping method, as shown in figure 2.7 (Edwards et al., 1987a· 
Chen et al. 1991· Gallup et al. 1994). A series of 229Th/230Th ratios were measured of 
aliquots from a standard-spike mix as a test of external reproducibility of the thorium 
measurement technique. These and previous measurements using this apparatus show 
hat he reproducibility is within the calculated la uncertainty (figure 2. 7). 
2.5.3 Spike calibration 
A mixed spike (229 Th-233 ) is used to de ermine he concentrations of the naturally oc-
curring isotopes in the coral samples b isotope dilution. The ratio of these spike isotopes 
mu t be known in order o calculate the ra ios of uranium and thorium isotopes. The cal-
ibration of the spike 233 / 229 Th ratio is made using he H -1 standard which is believed 
to be in secular equilibrium and herefore has a knoV\rn 230 Th/235 ( or 230Th/238 - ) ratio. 
The 229Th/230Th and 233 - / 238 iso opera ios for a particular H --1 standard-spike mix 
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Figure 2.6: Example of 229Th/230Th ratios for each of the 43 blocks during one sample run. Note the increased scatter toward the end of the run as the signal decays. There is generally little 
evidence of a change in fractionation during the course of the run. This observation is in contrast to the observations of Edwards et al. (1987a), who observe a change in fractionation as the beam decays. 
are measured and the 233U / 229Th ratio calculated by: 
233u 
229Th 
A230 233 U /238 U 
A23s 229Th/230Th (2.8) 
Once this ratio is known, the thorium to uranium isotopic ratios can be calculat~d. For 
the particular mixture of spikes used in the present work, the spike 233U / 229Th ratio 
was calculated to be 52.40. This calibration also accounts for any biases in the mass 
spectrometer systems that were used in this study. 
2.5.4 Procedural blanks 
Procedural blanks were analysed for most batches of chemical preparation. Both 238U 
and 232Th blank levels were generally less than 10 ppb and have a negligible effect on the 
calculated U-Th ages. (The assumption made is that 234U blank levels are rv 10-4 times 
238U and 230Th blank levels are negligible, rv 10-5 of 232Th levels). 
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Figure 2. 7: 229 Th/230 Th ratios of a standard (HU-1)-spike mix (closed circles) for spike 
calibration and as a test of external reproducibility. The reproducibility of measurements is better 
than the 10' so only 10' errors are propagated through the error calculation (Stirling et al., 1995). 
The open square illustrates the best precision achieved by other laboratories (20'). 
2.6 Analytical age uncertainties 
Typical analytical U-Th age uncertainties resulting from the procedures used in the present 
study ( described above) are around 200-300 yr for rv80 ka samples and 300-400 yr for 
rvl00 ka. These errors do not include uncertaint ies in the decay constants (half-lives). 
The uncertainties in the decay constants must be taken into account when comparing the 
U-Th ages with: (i) the age det.erminations from other dating methods, such as 231 Pa-
235U dating or ESR dating; and (ii) independent time-scales such as insolation calculations 
or layer counting of ice core records. This is not often considered in the comparison of 
different dating methods (e.g. Gallup et_ al., 2002). The inclusion of the uncertainties of 
the decay constants from the studies of 230Th and 234 U half-lives ( described in section 2.2) 
increases the age uncertainties to rv600-800 yr for rv80 ka samples and rv900-1200 yr for 
,....__, 100 ka samples. 
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Chapter 3 
U-Th Dating Results from 
Barbados 
3.1 Introduction 
Barbados is a tectonically uplifting island located approximately 130 km east of the Lesser 
Antilles island chain (figure 3.1). The island is an exposed part of an uplifting submarine 
ridge associated with a subduction the orth American plate under the Caribbean Plate 
(Jordan, 1975) . Tertiary sedimentary rocks are exposed in the northwest of Barbados 
(Scotland district, see figure 3.2), however most of the island is capped by Pleistocene-age 
limestone terraces. The terraces, which are best developed on the southern and western 
coasts of Barbados, represent a series of emergent coral reefs that formed during sea-level 
transgressions in the late Pleistocene (Mesolella et al., 1969). The island has experienced 
spatially variable uplift during the Pleistocene resulting in the warping of the reef tracts, 
however, there is very little evidence of faulting through the coral terrace cap. The rate 
of tectonic uplift is greatest in the southwest of the island (Clermont 's ose traverse, 
figure 3.2) and decreases in the north and the east. 
The Barbados terraces are generally constructional features formed by coral reef building, 
but some erosional platforms have also been identified (Schellmann and Radtke, 2001 ). 
The oungest exposed terraces were formed late during marine isotope stage (- IS) 5. The 
age of the terraces generally increases with elevation with some exceptions ( discussed later 
in this chapter). 
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Figure 3.1: Location of Barbados in the context of the Caribbean region. 
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Figure 3.2: Barbados, West Indies. The island Barbados is capped by uplifted Pleistocene 
age coral reefs ( except for the Tertiary age sedimentary rocks exposed in the Scotland district). 
The First High Cliff', is one of the ·most dominant terrace structures and represents coral growth 
during the Last Interglacial period (sub-stage 5e). In the southwest, the area of the Clermont 's 
ose traverse has experienced the highest rate of uplift on the island at over ,___,Q.45 m/ka since 
the last interglacial period. The sites studied in this investigation are shown - Batt's Rock Bay 
(BRBl-4) Pepperpot (PEP) Maxwell terrace (MAX), Kendall Fort (KF), Inch Marlowe Point 
(I ) Paragon Point (Ul8), Salt Cave Point (Ul5) Foul Bay (U6), Animal Flower Cave (AC). 
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The purpose of this study is to constrain the timing of deposition of sub-stage 5a and 
5c uplifted coral terraces at Barbados using U-Th dating. Combined with estimates of the 
rates of tectonic uplift, these ages can be used to calculate the paleo-sea level associated 
with each morphological feature. This chapter begins with a short review of the results of 
previous studies of the lower Barbados terraces. Corals collected during two field seasons 
in 1999 and 2000 have been analysed using U-Th dating techniques1 . In this chapter, I 
summarise the results of the U-Th dating analysis and give a brief description of the facies 
and stratigraphy for each of the sites investigated in this study. At the end of this chap-
ter, I will discuss the interpretation of U-Th results in the context of the 5234U reliability 
criterion and include a discussion of the implications of ocean water 5234U and the effect 
of diagenetic alteration on the U-Th system of fossil corals. In chapter 4, I will present 
the calculation of relative sea level for each of the sites investigated. 
1 1999 field season - Tezer Esat, Malcolm McCulloch, Ul,rich Radtke and Gerhard Schellmann. 2000 field 
season - Tezer Esat, Malcolm McCulloch, Ulrich Radtke, Gerhard Schellmann and Emma-Kate Potter 
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3.2 Previous sub-stage 5a and 5c Barbados analy ses 
The usefulness of Barbados coral terraces in the reconstruction of Pleistocene sea-level 
transgressions was recognised in the mid-1960s (Broecker et al. 1968; and Mesolella et 
al. 1969). Using U-Th a-spectrometry analytical techniques these studies established 
approximate ages for the lowest Barbados terraces. Broecker et al. (1968) identified three 
MIS 5 terraces - the Rendezvous Hill (1 st High Cliff) Ventnor and Worthing terraces2 
, ith ages of rvl22 ka rvl03 ka and rv82 ka respectively (with precision of "'2-4 ka). For 
the same features esolella et al. (1969) quoted mean ages of rvl25 ka, rvl03 ka and 
"' 2 ka respectively. Broecker et al. (1968) pointed out that the timing of these sea-level 
high-s ands were consistent with the predictions of Milankovitch's orbital forcing model 
( filankovtich 1941). The younger two deposits, with ages of rv82 ka and "'103 ka cor-
respond o the sub-stage 5a and 5c events identified in marine records. These will be 
referred to as the classic sub-stage 5a and 5c events . 
Dating of pre-last interglacial reefs on Barbados was conducted using He/U (Bender et 
al. 1973 and 1979) -Th (Bender et al. 1979) and ESR techniques (Radtke and Grun 
19 ) . _ gain these studies demonstrated that the age of each of the major terraces can 
be correlated with he marine isotope interglacials identified in deep-sea core foraminiferal 
51 0 records (Shackleton and Opd ke 1973) to earlier than _ 1IS 11. 
The preci ion of -Th da ing was improved b the de, elopment of thermal ionisation 
mass spec rome r (TThIS) techniques for the anal ses of uranium and thorium isotopes 
(Edward et al. 19 a). In as ud of 29 Barbados coral samples and comparison of a-
pee rome I) and TDIS techniqws (Ku et al. 1990· Edwards et al. 1987b) hree periods 
of reef gro h "·ere iden ified corresponding to sub-stages 5a 5c and 5e. Ages measured 
b · Ku et al. (1990) for he sub-s age 5c terrace range between 101.5 and 110.5 ka. Sub-
age 5a age quo ed b Ku et al. range be ween 75.5 up to 7 ka. Ed\\ ards et al. (1997) 
da ed ub- age 5c depo i o be 103.1 o 105.5 ka and sub-stage 5a to be 2.9 to 6.1 ka. 
ing high precision TL\IS anal · e Bard et al. (1990) de ermined -Th ages for a num-
ber of ample from he las glacial c cle. One sample gave an age of ka ( wi h the 
ligh 1 · higher han acceptable 6234 ) and appears o repre en the 'classic' sub-stage 5a 
ea-le,·el high-stand. Al o in ha ud , Bard et al. da ed one sub-stage 5c sample with 
2Rendezvous Hill \ en nor and \\ orthing erraces also known as Barba<los I. II and III and represent 
reef growth during uh-stages 5e 5c and 5a respecth·ely 
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Sub-stage age estimates (ka) 
Author 5c 5a Precision (ka) 
Broecker et al. (1968) 103 82 ±2 to ±4 
Mesolella et al. (1969) 100-110 79-84 ±2 to ±6 
Ku et al. (1990) 101.5-110.5 75.5-87.5 ±1 to ±2 
Bard et al. (1990) 100.5 88 ±0.6 to ±0.8 
Gallup et al. (1994) 83.3-87.2 ±0.3 to ±0.4 
Edwards et al. (1997) 103.1-105.4 82.9-86.1 ±0.4 to ±0.6 
Table 3.1: Summary of reliable U-Th age measurements for the sub-stage 5a and 5c Barbados 
terraces which are discussed in the text. Results include both alpha spectrometric and TIMS 
analyses. 
an age of 100.5 ka. Bard et al. (1990) measured U-Th ages of 70.8 ka and 77.8-79.8 ka for 
submerged samples collected at depths of 57 m and 46 m respectively. The latter ages can 
be considered· unreliable due to their very high initial 8234U values. Gallup et al. (1994) 
also measured the U-Th ages of 3 sub-stage 5a and 5c corals giving results of 83.3 ka, 87.2 
ka and 104 ka ( the latter having a very high 8234U) . . 
A recent study by Schellmann and Radtke (2001, 2002) has shown that the morphological 
structure of the lower Barbados reef terraces is more complex than previously thought 
( e.g. by Broecker et al., 1968). They identified at least 6 morphologically distinct terrace 
platforms along the south coast of Barbados belonging to sub-stages 5a and 5c ( shown in 
blue in figure 3.3). Based on the results of ESR dating of deposits on the south coast of 
Barbados, they suggest that there were multiple, distinct periods of reef growth during 
MIS 5, in addition to the 'classic' sub-stage 5a, 5c and 5e high-stands. However, the 
relatively low precision age measurements of the ESR dating technique ( up to 10 ka for 
stage 5 corals) does not enable the timing of these events to be clearly constrained. The 
sub-stage 5a and 5c events identified by Schellmann and Radtke (2001) are summarised 
in table 3.2. 
Schellmann and Radtke suggest there has been warping of the reef tracts in the region of 
the Christ Church traverse3 (marked in figure 3.3). However they observed no evidence· 
of warping in the region between the standard Christ Church traverse and South Point. 
Schellmann and Radtke sugg·est that the elevations of the reef platforms in this region, 
which I will refer to as the south coast traverse, should be used for sea-level calculations. 
3The Christ Church traverse is the standard traverse defined by Bender et al. (1979) with ·elevations 
used for the calculation of sea level. 
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Figure 3.3: Pleistocene coral reef terraces on the southern coast of Barba.dos (from G. Schell-
mann). Elevations of ~11S 5 platforms T-la. to T-5b (in blue) a.re given in table 3.2. Sample 
sites for this study a.re marked with black arrows (see also figure 3.2) . 0 her annotat ions indicate 
samples sites used in ESR analysis by Schellma.nn and Radtke (2001) . The region of the Christ 
Church (Bender et al., 1979) traverse is shown in the left of the map. 
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MIS Present elevation (m) Platform ESR Age (ka) 
5a-l 2 T-la1 72±6 
5a-2 3 T-la1 85±8 
5c-l 4 T-lb 99±11 
5c-2 9 T-2 104±11 
5c-3 16 T-3 102±8 
5e-l 22 T-4 120±14 
5e-2 36 T-5a 130±16 
5e-3 39 T-5b 134±15 
Table 3.2: ESR ages and elevations for sub-stage 5a, 5c and 5e platforms on the south coast traverse of Barbados from Schellmann and Radtke (2001, 2002). 
The elevations of these terraces are given in table 3.2. 
3.3 Results from the present study 
In this study, samples from 7 sites on the south coast and 4 sites on the west coast ( Cler-
mont 's Nose traverse, see figure 3.2 and figure 3.3 for site locations) have been analysed 
using high precision U-Th analytical techniques. This group of sites includes some of the 
morphologically distinct features identified by Schellmann and Radtke (2001). In this sec-
tion, I will present the results of the U-Th TIMS age analysis as well as a brief summary 
of the facies and stratigraphy for each site studied. A schematic cross section summary of 
the sub-stage 5a and 5c terraces for the two traverses (Clermont's Nose and South Coast) 
is shown in figure 3.4. The calculation of paleo-sea level associated with each of these 
features is presented in the next chapter. 
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Figure 3.4: Schematic representation of the sites sampled in this study on the south and west 
coasts of Barbados (South coast traverse and the Clermont's Nose traverse). Elevations and general 
indications of facies and coral types are also included. Site name abbreviations - Batt's Rock Bay 
(BRBl-4), Pepperpot (PEP), Maxwell terrace (MAX), Kendall Fort (KF), Inch Marlowe Point 
(IM) Paragon Point (Ul8), Salt Cave Point (U15). See figure 3.2 and figure 3.3 for site locations. 
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3.3.1 South Coast 
Inch Marlowe Point (IM) 
Only 1.5-2 m of the deposit at Inch Marlowe Point (figure 3.5) is exposed above present 
sea level and its total thickness is unknown. This terrace corresponds to platform T-la 
identified by Schellmann and Radtke (2001, 2002) (figure 3.3). It consists predominantly 
of shallow water facies Acropora Palmata with some characteristic 'rear zone' head corals 
including Siderastrea sp. and Montastrea sp. (facies types described by Mesolella, 1967).4 
The well-defined platform extends for several hundred metres along the coast in the Inch 
Marlowe Point region. In this study, 13 samples were selected for U-Th analysis (results 
shown in table 3.3). Measured U-Th ages range between 74 ka and 82 ka with initial c5234 U 
values of between 141 %0 ( well below the modern coral c5234 U value of 148.5%0) and 167%0 
( well above the modern value). The age of this deposit corresponds to reef growth during 
sub-stage 5a . . 
Inch Marlowe Point - IM 
m 
3 
2 
-------------- · l, 2, 3a, 4, 
5, 6, 7, 11 
0 
I @ IAcropora Palmata 
j & I Montastrea sp. 
rn Siderastrea sp. 
I ~ I Diploria sp. 
Figure 3.5: Inch Marlowe Point, South Coast. The platform at Inch Marlowe Point reaches 1.5-2 m above present sea level and consists predominantly of shallow water facies Acropora palmata. It is topped by mixed head corals including Siderastrea sp. and Montastrea sp .. In this setting, 
the head corals represent growth in the 'rear zone' of the coral reef, in shallow water ( described by Mesolella, 1967). 
4 Zonation of Barbados coral reef facies is described by Mesolella (1967). At depths of >15 .~, charac~ 
teristic reef facies consists mainly of large head corals. This typically grades into an Acropora cervicornis 
zone (5-15 m water depth). The reef crest is dominated by Acropora palmata zone (growth depths of 0-5 
m). A 'rear zone', which is protected by surf action by the reef crest also contains a mix of head corals . 
. Although Acropora palmata is characteristic of shallow water growth, head corals that are collected from 
obviously 'rear zone' facies, judged from the context of the deposit, are often better preserved and were 
also used in dating. 
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Sample XRD Ht 23su 232Th 5234Um :t 230Th/238Uact Age§ 0234 ui, 
No.* (m) (ppm) (ppb) (%0) (ka) %0 
IMl-1 5 <1% 1.5 2.20 0.23 121.5± 1.9 0.5861± 0.0013 79.1± 0.3 152.0± 2.3 
IMl-2 5 <1% 1.5 2.29 0.28 122.7± 1.1 0.5852± 0.0008 78.8± 0.2 153.4± 1.3 
IM1-3a 5 1.5 2.19 0.18 119.6± 1.1 0.5726± 0.0007 76.7± 0.2 148. 7± 1.3 
IMl-4 5 <1% 1.5 2.02 0.04 122.6± 1.0 0.5725± 0.0006 76.3± 0.2 152.2± 1.2 
IMl-5 5 <1% 1.5 2.17 0.31 120.1± 1.1 0.5742± 0.0008 76.9± 0.2 149.3± 1.3 
IMl-6 5 <2% 1.5 2.26 0.26 118.3± 1.1 0.5581± 0.0007 74.1± 0.2 146.0± 1.3 
IMl-7 5 <1% 1.5 2.19 0.18 128.5± 1.0 0.5825± 0.0007 77.6± 0.2 160.2± 1.2 
IMl-8 Ap 1.5 2.81 0.02 114.5± 1.0 0.5560± 0.0008 74.0± 0.2 141.3± 1.1 
IMl-10 5 <1% 2.0 1.99 0.15 115.9± 1.2 0.5723± 0.0007 77.0± 0.2 144.2± 1.4 
IMl-11 Ap 1.5 3.47 0.06 132.5± 1.0 0.6060± 0.0008 81.7± 0.2 167.0± 1.2 
IMl-12 Ap 0.2 2.92 0.03 117.1± 1.1 0.5715± 0.0012 76.7± 0.3 145.6± 1.3 
IMl-13 Ap <1% 0.2 2.97 0.04 116.4± 1.0 0.5640± 0.0009 75.4± 0.2 144.1± 1.2 
IMl-14 Ap <1% 0.2 3.14 0.04 119.8± 1.1 0.5783± 0.0012 77.7± 0.3 149.4± 1.3 
Table 3.3: Inch Marlowe Point: Isotope ratios and U-Th age measurements. *Coral type given 
as: Ap Acropora palmata, s Siderastrea sp., M Montastrea sp., D Diploria sp., Ac Acropora cervicornis; 
XRD - % calcite of sample, where measured; tElevation above present sea level (m); +Measured 
b234 U, see equation 2.5; §Sample age, see equation 2.4; 1Initial b234 U, see equation 2.7. Quoted 
uncertainties reflect analytical precision only and do not take into account uncertainties in decay 
half-lives of 234 U or 230 Th or uncertainties introduced by diagenetic mobilisation of U and Th. 
Decay constants used in calculations are ,\238 = 1.551 x 10-10 , ,\234 = 2.835 x 10-5 , ,\230 = 
9.195 x 10-5 (Meadows et al. (1980), De Biever et al. (1971) and Lounsbury and Durham (1971); 
see discussion of decay half-lives in section 2.2 of chapter 2) 
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Kendall Fort (KF) 
The Kendall Fort deposit (figure 3.6) reaches an elevation of rv6-8 m at its crest. The top 
of this terrace appears to correspond to platform T-2 identified by Schellmann and Radtke 
(2001) (figure 3.3). The base of the deposit is dominated by Acropora cervicornis, which 
is typical of coral growth at 5-15 m below the reef crest (Mesolella, 1967). Overlying the 
Acropora cervicornis unit is a mix of Siderastrea sp., Montastrea sp. head corals and some 
Acropora palmata. Eight corals were chosen for U-series analysis and measured ages range 
between rv82 ka and rv92 ka with initial 5234U values between 143%0 and 195%0 (table 3.4). 
The age of corals in this deposit corresponds to sub-stage 5a. Further examination of this 
deposit (November 2002) reveals that the mixed zone of this deposit contains reworked 
corals that are obviously not in growth position ( overturned head corals). The KF deposit 
may therefore be the result of storm emplacement and should not be used in the calculation 
of relative sea level. 
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Figure 3.6: Kendall Fort, South Coast. This feature reaches 6-8 m above present sea level 
and predominantly consists of Acropora cervicornis with a mix of Acropora palmata, Siderastrea 
sp. and Montastrea sp .. The head corals overlying the Acropora cervicornis have been reworked 
(some are upside-down) indicating this deposit is not in situ and is probably the result of storm 
em placement. 
Sample XRD Ht 23au 232Th 6234Um + 230Th/238Uact Age§ 6234ui, 
No.* (m) (ppm) (ppb) (%0) (ka) %0 
KF-1 Ap 1.1 3.719 0.05 132.6± 1.0 0.6113± 0.0010 82.8± 0.2 167.7± 1.2 
KF-2 Ap 1.6 3.20 0.06 130.5± 1.1 0.6481± 0.0013 90 .6± 0.3 168.7± 1.4 
KF-3 5 2.0 2.51 0.36 123.0± 1.3 0.6223± 0.0011 86 .2± 0.3 157.0± 1.5 
KF-3b Ap 2.0 3.94 0.03 150. 7± 1.2 0.6661± 0.0015 91. 7± 0.4 195.4± 1.5 
KF-4 5 3.0 2.12 0.01 122.8± 1.1 0.6189± 0.0009 85.5± 0.2 156.4± 1.3 
KF-5 3.5 2.19 0.03 113.0± 1.8 0.6024± 0.0013 83.3± 0.3 143.2± 2.2 
KF-6 5 <2% 4.0 2.42 0.03 117.9± 1.1 0.6037± 0.0009 83 .0± 0.2 149.1± 1.3 
KF-8 5 7.0 2.36 0.13 114.2± 1.0 0.5985± 0.0008 82.4± 0.2 144.2± 1.2 
Table 3.4: Kendall Fort: Isotope Ratios and U-Th age calculations. See table 3.3 caption for 
explanation of symbols. 
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'Pepperpot' (PEP) 
The 'Pepperpot' site is a bench at an elevation of 3-4 m asl (figure 3.7), landward of an 
uplifted paleo-lagoon ( Graeme Hall Swamp). This terrace corresponds to platform T-1 b 
identified by Schellmann and Radtke (2001) (figure 3.3). Shallow water Acropora palmata 
forms the bulk of this deposit and Siderastrea sp. is also present. Six samples from this 
site were analysed and the U-Th results are shown in table 3.5. Measured ages range 
between 81.5 ka and 87 ka with initial 5234U values of between 140%0 and 156%0. The age 
of this deposit corresponds to reef growth during sub-stage 5a. 
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Figure 3. 7: "Pepperpot" locality, South Coast. The crest of this deposit is 3-4 m above present 
sea level, and contains Acropora palmata and some Siderastrea sp. 
Sample XRD Ht 23su 232Th 6234Um t 230Th/238Uact Age§ 6234ui, 
No.* (m) (ppm) (ppb) (%0) (ka) %0 
PEPl-1 s 2.5 2.2202 0.04 111.2± 1.1 0.5924± 0.0006 81.5± 0.2 140.1± 1.4 
PEPl-2 Ap 2.5 3.17 0.08 122.7± 1.2 0.6169± 0.0013 85.1± 0.3 156.1± 1.4 
PEPl-3 Ap <1% 2.5 2.46 0.03 117.0± 1.1 0.6075± 0.0009 83 .9± 0.2 148.4± 1.3 
PEPl-4 s 2.5 2.34 0.04 115.4± 1.4 0.6047± 0.0012 83.5± 0.3 146.2± 1. 7 
PEPl-5 s 2.5 2.35 0.06 116.9± 1.2 0.6101± 0.0007 84.4± 0.2 148.4± 1.5 
PEPl-6 s 3.0 3.27 0.03 120.1± 1.1 0.6245± 0.0012 87.0± 0.3 153. 7± 1.3 
Table 3.5: Pepperpot locality: Isotope Ratios and U-Th age calculations. See table 3.3 caption 
for explanation of symbols. 
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Paragon Point (U18) 
The sea cliff at Paragon Point (figure 3.8) has a distinct Acropora cervicornis unit overlain 
by a > 6m Acropora pal mat a zone and topped with a thin mixed zone including M ontastrea 
sp. and Siderastrea sp. head corals. This facies structure is typical of the reef crest and 
'rear zone' type described by Mesolella (1967). The terrace reaches an elevation of 11-
12 m asl. Schellmann and Radtke (2001) suggest that the platform defined by the crest 
of this deposit corresponds to the T-3 platform further to the west (in the south coast 
transect), which has an elevation of up to 4 m higher than the crest of U18 (figure 3.3). 
G. Schellmann (pers. comm.) suggests the back reef deposits associated with the U18 reef 
crest reach an elevation of up to 15 m asl. Three erosional notches occur at elevations 
of ""1.3 m, ""4.8 m and ""7.8 m above present sea level, which suggests that three sea 
level still stands at these levels followed the deposition of this reefs. Twelve samples from 
the Acropora palmata unit and the overlying mixed coral head unit (Montastrea sp. and 
Siderastrea sp.) were selected for analysis ( table 3.6). Measured ages ranges between 98 
ka and 107 ka and have initial 8234U values of between 138%0 and 161 %0. Samples U18-5 
and U18-9 may not have been collected from an in situ position. The age of this deposit 
corresponds to reef growth during sub-stage 5c. 
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Figure 3.8: Paragon Point, South Coast. A 10-12 m high feature with a distinct Acropora 
cervicornis unit overlain by a thick Acropora palmata layer and topped by Montastrea sp. and Siderastrea sp .. -Erosional notches at 1.3, 4.8 and 7.8 m asl indicate at least 3 sea-level still-:stands 
following the formation of this terrace. 
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Sample XRD Ht 23su 232Th 6234Um t 230Th/23sUact Age§ <5234 U i 1 
No.* (m) (ppm) (ppb) (%0) (ka) %0 
U18-1 Ap <1% 1.3 3.0344 0.11 113.2± 1.0 0.6838± 0.0012 101.2± 0.3 150.8± 1.3 
U18-2 Ap <1% 2.3 3.14 0.12 119.5± 1.0 0.6917± 0.0013 102.0± 0.4 159.6± 1.2 
U18-3 Ap <1% 2.8 3.06 0.11 106.3± 1.0 0.6667± 0.0013 98.3± 0.3 140.4± 1.3 
U18-4 s <1% 3.2 2.49 0.11 123.1± 1.2 0. 7071± 0.0009 105.3± 0.3 165.9± 1.5 
U18-5 Ap <1% 4.3 3.43 0.14 106.3± 1.1 0.6772± 0.0011 100.7± 0.3 141.4± 1.3 
U18-6 Ap <1% 4.9 3.27 0.10 110.8± 1.0 0.6861± 0.0011 102.1± 0.3 148.0± 1.3 
U18-9 Ap <1% 4.5 2.92 0.08 104.2± 1.0 0.6658± 0.0008 98.4± 0.3 137. 7± 1.3 
U18-10 <2% 5.8 3.27 0.10 112.7± 1.0 0.6784± 0.0012 100.0± 0.3 149.6± 1.3 
U18-13 s <1% 4.9 2.22 0.14 119.0± 1.1 0. 7129± 0.0010 107.4± 0.3 161.3± 1.4 
U18-18 Ap <1% 6.7 3.34 0.10 121.3± 1.0 0.6880± 0.0009 100.8± 0.3 161.4± 1.2 
U18-19 Ap 9.6 2.98 0.16 111.9± 1.1 0.6890± 0.0011 102.6± 0.3 149.7± 1.3 
U18-20 M 9.6 2.44 0.13 108.9± 1.0 0.6875± 0.0009 102.8± 0.3 145.7± 1.3 
Table 3.6: Paragon Point: Isotope Ratios and U-Th age calculations. See table 3.3 caption for 
explanation of symbols. 
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Salt Cave Point (U15) 
At this site, two Acropora palmata units are separated by an unconformity and rubble layer 
at rv4-5 m asl. The upper Acropora palmata unit is capped by a mixed-layer including 
Montastrea sp. and Siderastrea sp. head corals. Schellmann and Radtke (2001) suggest 
this deposit also corresponds to the T-3 platform further to the west, which has a peak 
elevation of 16 m asl (figure 3.3). Seven samples from the upper units were analysed. 
Measured ages range between 98 ka and 113 ka and initial 8234U of between 149%0 and 
181 %0. Samples U15-2, U15-3 and U15-6, which were collected from the rubble layer are 
not in situ and are not used in the calculation of the mean age of this deposit. A sample 
from the lower unit, U15-10 has a measured age of rvl68 ka and 8234U of 154%0. The age 
of the upper deposit corresponds to reef growth during sub-stage 5c and the lower unit 
corresponds to MIS 6. 
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Figure 3.9: Salt Cave Point, South Coast. This 12-13 m high feature is dominated by Acropora 
Palmata in two units separated by an unconformity and rubble layer and topped by mixed coral 
heads including Montastrea sp. and Siderastrea sp .. 
Sample XRD Ht 238u 232Th 0234Um+ 230Th/238Uact Age§ 0234Ui ,r 
No .* (m) (ppm) (ppb) (%0) (ka) %0 
Ul5-2 D 4.2 2.4396 0.22 113.7± 1.0 0.7311± 0.0012 113 .2± 0.4 156 .6± 1.3 
Ul5-3 Ap 5.2 3.20 0.10 128.2± 1.1 0. 7407± 0.0014 112.9± 0.4 176.6± 1.4 
Ul5-4 Ap 5.4 3.50 0.12 113.2± 1.1 0.6699± 0.0015 97.9± 0.4 149.4± 1.4 
Ul5-6 Ap 5.2 3.37 0.12 133.2± 1.1 0. 7256± 0.001 4 108.1± 0.4 180.9± 1.4 
Ul5-7 Ap 6.7 3.56 0.12 116.4± 1.0 0.6793± 0.0013 99.6± 0.3 154.3± 1.3 
U15-10 Ap 4.0 3.26 0.06 95.7± 1.1 0.8781± 0.0026 168.2± 2.4 154.2± 1.9 
Ul5-16 Ap 10.3 3.10 0.11 117.8± 1.1 0.6961± 0.0011 103.3± 0.3 - 157.9± 1.3 
Ul5-17 Ap 12.5 3.23 0.15 113 .5± 1.1 0.7010± 0.0008 105.2± 0.3 153.0± 1.3 
Table 3. 7: Salt Cave Point: Isotope Ratios and U-Th age calculations. See table 3.3 caption for 
explanation of symbols. 
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Maxwell Terrace (MAXl,2) 
The Maxwell terrace is a platform at an elevation of f'..120 m above sea level ( f'..120 m below 
the last interglacial reef, see figure 3.3). This terrace corresponds to platform T-4 identified 
by Schellmann and Radtke (2001) (figure 3.3). Two separate sites associated with this 
terrace were sampled for U-Th analysis (sites MAXl and MAX2). Only two samples, 
one from each of the sites, were analysed. At the MAXl site, the facies is dominated 
by large Montastrea sp. head corals that are indicative of relatively deep-water ( f'..115 m) 
facies. The associated -platform at this site is, therefore, probably an erosional bench that 
formed some time after the deposition of the corals that form the bulk of the deposit. The 
measured age of a sample from this site (MAXl-5), is 120 ka and has an initial 8234U of 
149%0, indicating it grew late in sub-stage 5e. Therefore, the erosional bench at site MAXl 
may have formed some time following the last interglacial sea-level high-stand. The MAX2 
deposit is dominated by large Acropora palmata trunks that are characteristic of shallow 
water growth (0-5 m) The measured age of the single sample that was analysed (MAX2-4) 
is 123 ka but has a very high initial 8234U of 173%0. The deposit is not considered further 
in the interpretation of the U-Th ages in section 3.5 or sea-level calculations in chapter 4. 
Sample XRD Ht 23su 232Th i5234Um+ 230Th/238Uact Age§ 8234ui, 
No. * (m) (ppm) (ppb) (%0) (ka) o/oo 
MAXl-5 s 13.0 2.3811 0.08 106.4± 1.0 0.7514± 0.0009 120.3± 0.3 149 .6± 1.3 
MAX2-4 A p 20.0 2.77 0.04 122.2± 1.0 0.7717± 0.0013 122.6± 0.4 172.9± 1.3 
Table 3.8: Maxwell Terrace: Isotope Ratios and U-Th age calculations. See table 3.3 caption for explanation of symbols. 
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Foul Bay (U6) 
The site at Foul Bay, (figure 3.10) reaches a maximum elevation of 22 m asl. It consists of 
a lower unit with a mixture of head corals, perhaps indicative of deep water growth (10-30 
m). The bulk of the upper part of the deposit is Acropora palmata, which is characteristic 
of shallow water growth ( 0-5 m depth). Only two corals (both Acropora palmata) from 
this section were analysed. These samples, U6-2 and U6-11, were collected at elevations 
of rv6 m and 10 m asl respectively. Four sub-samples of U6-11 were analysed (results in 
table 3.9). Measured ages range between 165 ka and 253 ka and initial 8234 U values range 
between 143%0 and 249%0 (table 3.9). This deposit appears to corresponds to reef growth 
during stage 6. 
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Figure 3.10: Foul Bay, South Coast. The crest of this feature is at ,..._,22-23 m above present 
sea level. It predominantly consists of Acropora palmata with a lower unit of mixed head corals 
(perhaps deep water growth). 
Sample XRD Ht 23su 232Th i5234Um :t 230Th/238Uact Age§ <5234 U i 1 
No.* (m) (ppm) (ppb) (%0) (ka) %0 
U6-2 Ap 5.9 2.78 0.09 115.1± 1.2 1.0019± 0.0059 225.6± 4.3 218.2± 3.1 
U6-11A Ap 9.8 2.81 0.21 121.6± 1.2 1.0434± 0.0045 253.3± 4.2 249.4± 3.3 
U6-11B Ap 9.8 2.91 0.04 121.8± 1.0 1.0024± 0.0012 220.9± 1.1 227.8± 1.5 
U6-11D Ap 9.8 3.22 0.03 89.8± 1.0 0.8646± 0.0016 164.8± 0.8 143 .3± 1.4 
U6-11E Ap 9.8 3.25 0.06 93.8± 1.0 0.8876± 0.0080 173.3± 3.7 153.4± 2.2 
Table 3.9: Foul Bay: Isotope Ratios and U-Th age calculations. See table 3.3 caption for 
explanation of symbols. 
50 CHAPTER 3. U-TH DATING RESULTS FROM BARBADOS 
3.3.2 West Coast 
The west coast deposits sampled for this study are located along the classic Clermont 's 
Nose traverse, which experiences Barbados' greatest rate of uplift. 
Batts Rock Bay (BRBl, Beach) 
The lowest 'Batts Rock Bay' deposit of this study (BRBl, figure 3.11) is a rvl0 m high 
cliff of well preserved, large, in situ head corals such as Montastrea sp., Siderastrea sp. 
and Diploria sp .. A collection of these coral types in this framework is indicative of deeper 
water growth (>15 m, according to Mesolella, 1967). The ages measured for the 9 samples 
collected from this deposit are summarised in table 3.10 and range between 103-108 ka 
with initial 5234 U values of between 144%0 and 158%0. The age of this deposit corresponds 
to reef growth during sub-stage 5c. One sample (BRBl-16) collected from the top of this 
deposit may not have been in situ and its measured age is 85 ka with an initial 5234 U 
of 139%0, corresponding to sub-stage 5a. The platform associated with the crest of this 
deposit is probably wave cut during sub-stage 5a. 
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Figure 3.11: Batts Rock Bay, Clermont's Nose transect, West Coast. This 10 m feature is 
dominated by head corals Montastrea sp., Siderastrea sp., Diploria sp., indicative of deeper water 
facies ( > 15 m below sea level). 
Sample XRD Ht 23su 232Th 0234Um:): 230Th/238Uact Age§ 0234 ui, 
No.* (m) (ppm) (ppb) (%0) (ka) %0 
BRBl-2 5 2.1 2.08 0.16 113.5± 1.4 0. 7000± 0.0008 105.0± 0.3 152.9± 1.7 
BRBl-5 D 1.8 2.25 0.26 108.7± 1.1 0. 7068± 0.0007 107.8± 0.3 147.5± 1.4 
BRBl-6 M <1% 3.4 2.21 0.09 109.8± 1.0 0.6922± 0.0011 103.7± 0.3 147.3± 1.3 
BRBl-7 M < 2% 1.4 2.45 0.24 108.0± 1.1 0. 7077± 0.0013 108.1± 0.4 146. 7± 1.4 
BRBl-13 5 2.4 2.00 0.02 114.1± 1.1 0.7038± 0.0009 106.0± 0.3 154.2± 1.4 
BRBl-14 5 3.1 2.34 0.10 116.9± 1.1 0. 7037± 0.0009 105.5± 0.3 157. 7± 1.4 
BRBl-15 <1% 3.3 2.25 0.07 113.4± 1.0 0.6941± 0.0010 103.6± o.:r- 152.1± 1.3 
BRBl-16 D 10.0 2.27 0.51 109.6± 1.2 0.6077± 0.0007 84.8± 0.2 139.3± 1.4 
BRBl-18 M 8.5 2.57 0.83 107.8± 1.0 0.6861± 0.0010 102.6± 0.3 144.2± 1.3 
Table 3.10: Batts Rock Bay (1) : Isotope Ratios and U-Th age calculations. See table 3.3 
caption for explanation of symbols. 
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Batts Rock Bay (BRB2 and BRB3) 
The two sites BRB2 and BRB3 (figure 3.12) appear to represent a reef crest and forereef 
slope. The BRB2 samples were collected (probably not in situ) from an exposed slope 
rising from 10.5 to 13.5 m asl, inland of the BRBl site. Measured ages of the three BRB2 
samples range between 72 and 81 ka with initial 5234U values of between 141 %0 and 147%0. 
Site BRB3, a reef crest exposed in a road cut, is at an elevation of 19-20 m above present 
sea level and contains a mix of Acropora palmata and other species. U-Th analyses of 6 
samples from this deposit (table 3.11), give measured ages of between 85 ka and 93 ka 
with initial 5234U of between 152%0 and 178%0. This age of these deposits corresponds to 
reef growth during sub-stage 5a. 
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Figure 3.12: Batts Rock Bay, Clermont 's Nose transect , West Coast. Site BRB3 and BRB2 
represent a reef crest (at 19-20 m above present sea level) and fore-reef slope respectively. The reef 
crest contains a mix of Acropora palmata and some head corals. 
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Sample XRD Ht 238u 232Th 0234Um+ 230Th/238Uact Age§ o234u i , 
No.* (m) (ppm) (ppb) (%0) (ka) %0 
BRB2-2 Ap 14.3 2.8495 0.12 116.1± 1.1 0.5945± 0.0011 81.3± 0.3 146 .2± 1.3 
BRB2-3 5 14.3 1.78 0.16 119.6± 1.0 0.5476± 0.0008 72.0± 0.2 146 . 7± 1.2 
BRB2-6 5 12.5 2.27 0.19 114.5± 1.0 0.5883± 0.0008 80.3± 0.2 143.8± 1.2 
BRB2-7 s <1% 12.5 1.97 0.04 112.9± 1.0 0.5803± 0.0008 78.9± 0.2 141.2± 1.2 
BRB3-1 Ap 18.5 3.35 0.03 130.3± 1.1 0.6422± 0.0013 89.4± 0.3 167.9± 1.3 
BRB3-2 Ap 18.5 2.75 0.05 119.9± 1.5 0.6124± 0.0015 84.5± 0.4 152.3± 1.8 
BRB3-3 Ap 18.5 3.25 0.04 137. 7± 1.3 0.6556± 0.0015 91.2± 0.4 178.4± 1.6 
BRB3-5 Ap 18.5 3.24 0.03 136.5± 1.1 0.6617± 0.0013 92.7± 0.3 177.6± 1.4 
BRB3-8 Ap 18.5 3.63 0.03 119.5± 0.9 0.6186± 0.0014 85.8± 0.3 152.5± 1.1 
BRB3-9 5 19.0 2.34 0.03 134.0± 1.1 0.6506± 0.0008 90.7± 0.2 173.3± 1.3 
Table 3.11: Batts Rock Bay (2,3): Isotope Ratios and U-Th age calculations. See table 3.3 
caption for explanation of symbols. 
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Batts Rock Bay 4 (BRB4, Paddock) 
This reef crest, at an elevation of 30 m above present sea level (figure 3.13) predominantly 
consists of Acropora palmata with some Siderastrea sp. and M ontastrea sp. head corals. 
The U-Th results from a set of 6 samples analysed ( table 3.12) give measured ages of 
between 102 ka and 122 ka. Initial J234U for these samples range between 159%0 and 
172%0. The age of this deposit appears to correspond to reef growth during sub-stage 5c. 
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Figure 3.13: Batts Rock Bay, Clermont's Nose Transect, West Coast. The reef crest at 29-30 
m above present sea level containing a mix of Acropora palmata with some Siderastrea sp. and 
Montastrea sp .. 
Sample XRD Ht 23su 232Th 6234Um t 230Th/238Uact Age§ 6234ui, 
No.* (m) (ppm) (ppb) (%0) (ka) %0 
BRB4-l Ap 29.0 3.1015 0.12 130.6± 1.4 0. 7516± 0.0023 115.3± 0.7 181.1± 1.8 
BRB4-4 28.9 3.17 0.19 113.7± 1.1 0.7647± 0.0015 122.4± 0.9 160.8± 1.5 
BRB4-7 Ap 27.l 2.80 0.07 121.2± 1.1 0. 7316± 0.0011 111.8± 0.4 166.4± 1.4 
BRB4-8 s 27 .5 2.38 0.07 116.9± 1.1 0. 7107± 0.0011 107.3± 0.3 158.5± 1.3 
BRB4-9 Ap 28.1 2.87 0.03 125.1± 1.1 0. 7291± 0.0011 110.4± 0.3 171.1± 1.4 
BRB4-10 Ap 27.0 3.20 0.32 128.6± 1.0 0.6985± 0.0013 102.1± 0.3 171.8± 1.3 
-
Table 3.12: Batts Rock Bay (4): Isotope Ratios and U-Th age calculations. See table 3.3 
caption for explanation of symbols. 
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Animal Flower Cave (AC) 
A thick Acropora palmata unit reaches an elevation of 23 m above present sea level on 
the north coast of Barbados. One sample from this deposit has a measured age of 145 ka 
and an initial 5234 U of 218%0. It is unclear what marine isotope stage corresponds to this 
deposit. This is not considered further in the following chapters. 
3.3.3 Reliability criteria 
As discussed in chapter 2, there are several indicators that can be used to judge the 
reliability of a coral's measured U-Th age: (i) the uranium concentration of the sample 
should be consistent with the range observed in modern corals; (ii) the 232Th of the 
sample should be lower than or equal to that measured in modern corals ( <0.5 ppb ); (iii) 
the sample should have experienced minimal diagenetic alteration as indicated by calcite 
content and petrographic textures; and (iv) the calculated initial 5234 U of the samples 
should be in agreement with that observed in modern corals. 
Uranium concentration 
The samples analysed in this study have uranium concentrations ranging between 2 and 4 
ppm which is consistent with the modern range of 2 to 3.5 pprrt. There is a distinct offset 
between species (shown in Figure 3.14) with Acropora palmata generally having higher 
uranium concentration than other coral species such as Montastrea sp., Diploria sp. and 
Siderastrea sp .. This supports the results of other studies which suggest there is a species 
dependent uranium concentration of corals (Stirling et al., 1996; Chen et al., 1991). Min 
et al. (1995), Shen and Dunbar (1995) and Sinclair et al. (1998) also showed that there 
can be spatial variability of U /Ca within coral skeletons, which appear .to be related to 
seasonal variations in temperature. No age measurements have been discounted on the 
basis of uranium concentration considerations. 
232Th concentration 
Most of the samples analysed have 232Th concentrations well within modern upper limit 
of 0.5 ppb (with only a few above this value, up to 0.8 ppb ). The effect of detrital 
contamination on the calculated ages for all samples in this study is likely to be smaller 
than the analytical age precision if the composition of the detrital material is similar to 
that of silicate (Chen et al., 1991). 
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Figure 3.14: Summary of uranium concentrations measured for the samples in this study. 
There is a distinct offset in uranium concentration between species (Ap - Acropora palmata; M -
M ontastrea sp. · D - Diploria sp.; S - Siderastrea sp.) 
XRD 
A sub-set of the corals dated in this study (around 1/3) was analysed with XRD to check 
for the presence of calcite. All of the samples analysed were found to have a calcite content 
less than the detection limit of 1-2%. 
Petrographic criteria 
A subset of the corals dated in this study was examined in thin section. Some samples 
have been subjected to minor· alteration in the form of: i) secondary aragonite cements 
on pore walls (figure 2.2d) and ii) micro-dissolution textures in the main aragonite matrix 
where the primary aragonite bundles are obscured (figure 2.3b). 
The precipitation of secondary aragonite is characteristic of alteration in the marine en-
ironment (Bar- atthews et al., 1993). The deposits in this study have generally been 
exposed to sub-aerial weathering shortly after deposition due to uplift and sea-level fall. 
Therefore the precipitation of aragonite would have occurred early and thus should not 
have had a significant effect on the apparent age or t 234 U of the coral (Bar- atthews et 
al. 1993· Lazar et al. 2002). 
Micro-dissolution textures are also found in recent and modern corals (Fruijtier et al. 
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2000; Bar-Matthews et al., 1993 and Lazar et al., 2002). Therefore, the presence of these 
textures in fossil corals is not an a priori indication that that the coral is unsuitable for 
U-Th dating. The corals in this study have varying degrees of micro-dissolution, in some 
cases equivalent to more than 10% of the total coral. There is no clear, quantifiable rela-
tionship between these petrographic textures and the results of the U-Th measurements, 
although samples with very high 8234U values tend to have less well preserved aragonite 
fibrous structure, eg. U6-11 (see further discussion of the sample U6-11 in section 3.4.2). 
Initial c5234U 
The results of the U-Th isotope analyses in this study are summarised in a plot of 
230Th/238Uact vs c5234 Um (figure 3.15). For each site, the U-Th results have a range of 
apparent ages and initial 8234 U values. The standard c5234 U reliability criterion suggests 
that those samples with initial 8234 U values within error of that of modern corals (148.5%0) 
have reliable U~ Th ages. In the following sections, I discuss the validity of the c5234U relia-
bility criterion in the context of possible variations in ocean water c5234U (section 3.4.1) and 
the effects of diagenetic alteration on the U-Th system of corals (section 3.4.2). Finally, 
in section 3.5, I present the interpretation of the U-Th results for each of the features 
investigated in this study that will then be used for the calculation of sea level in the next 
chapter. 
3.4 Initial 5234U 
The range of initial c5234U values observed for samples in this study are not all consistent 
with the expected modern value of f'-.J 148.5%0. In addition, the U-Th data for most of the 
sites in this study display a well defined correlation between -apparent U-Th age and initial 
c5234U (or 230Th/238 Uact vs c5234 Um) (figure 3.15). This general trend of increasing initial 
8234U with apparent age has also been seen in other studies of fossil coral deposits from 
around the world (references in figure 3.16). Previous studies suggest that the uranium 
concentration and isotopic composition of ocean water has remained approximately con-
stant during successive interglacial periods for at least the last several hundred thousand 
years (Henderson, 2002). Based on an assumption of steady state, combined w~th esti- -· 
mates of present day uranium fluxes , the residence time of uranium in the ocean can be 
calculated to be around 200-400 ka (Ku et al., 1977). Therefore, it is generally accepted 
that the samples with 8234Ui equal to the modern value of 148._5%0 have reliable ages and 
that other values are the result of diagenetic effects. 
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Figure 3.16 summarises the results of calculated initial c5234 U values from a number of 
different studies of fossil corals from various locations around the world ( since the last 
interglacial period). Although there increased scatter to higher c5234 U for older deposits, 
there appears to be some systematic behaviour in the variability of initial c5234 U through-
out the last glacial cycle. Samples from last interglacial deposits ( eg, WA - Stirling et al., 
1998; Barbados - Gallup et al., 1994; PNG - Stein et al., 1993) and deposits from previous 
interglacials (Barbados - Gallup et al., 2002, Henderson Island - Stirling et al., 2001) have 
initial c5234 U values which are generally equal to or higher than modern values. 5 MIS 3 
corals from Huon Peninsula (Yokoyama, 1999; Chappell et al., 1996a; Dia et al., 1992) 
and Barbados (Bard et al. 1990) systematically have lower c5234 Ui than modern corals (up 
to 10-15%0).6 A recent unpublished study by Linda Ayliffe also shows an apparent rise in 
initial c5234 U of rvl0%o during the last deglaciation (not shown in figure 3.16). Studies of 
sub-stage 5a and 5c corals (this study; Muhs et al., 2002; and to a lesser extent Ludwig 
et al., 1996; Toscano and Lundberg, 1999) include c5234 Ui below present day ocean water 
as well as those at higher values. 
There are two systematic trends in the data in figure 3 .16, one which suggests there 
has been a gradual lowering of minimum initial c5234 U values throughout the last glacial 
cycle followed by a rise to modern levels ( trend 1) and the other which shows a steep 
correlation between age and c5234 U for corals from deposits of the same age (trend 2). 
Variations in the initial c5234 U values observed in fossil corals must be due to one of two 
processes, either: i) mobilisation of U and Th isotopes during diagenetic alteration; or ii) 
variations in ocean water c5234 U. ext, I consider what mechanisms may be responsible for 
the systematic 'trend 1' of changes of c5234 U in the ocean throughout the last glacial cycle. 
If c5234U of the ocean has varied on glacial to interglacial time-scales, this has profound 
implications for the interpretation of U-Th coral ages. 
3.4.1 b234 U in the ocean 
Sources of uranium 
There are several sources of uranium to the ocean. Firstly continental weathering and 
riverine transport provides a major contribution of enriched 234 U uranium to the ocean 
5Henderson et al. 's (1993) study of corals from Hateruma Atoll , Japan includes samples with anoma-
lously low 6234 Ui alues. The value changes depending of the mechanical cleaning methods applied so it 
is clear this variability is due to alteration. 
6Yokoyama (1999) also suggests that there are also rapid variations in b234 U during MIS 3, which appear 
to correlate with rapid oscillations in sea level during that period. 
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(Palmer and Edmond, 1993). Based on a study of the dissolved uranium content of waters 
from the Orinoco, Amazon and Ganges basins, Palmer and Edmond (1993) estimate the 
global riverine uranium flux to the ocean is 3 - 6 x 107 mol/yr. Studies indicate that 
present day river water 8234U lies between 200%0 and 300%0 (Cochran, 1982). However, 
geographical and seasonal changes in total uranium content and isotopic composition of 
river water make estimating global averages of these parameters difficult. Based on these 
estimates of uranium concentration and isotopic composition approximately 2 - 4 x 103 
mol/yr of 234U enters the ocean via river input. 
Secondly, the a-recoil of 234U from ocean sediments into surrounding pore-water and its 
subsequent diffusion into the ocean is another potential source for enriching ocean 8234 U 
(Ku, 1965, 1977). However the magnitude of this source's contribution to ocean water ex-
cess b234U is uncertain. By considering a simple, steady state 234U budget for the ocean, 
Henderson (2002) estimates the contribution of sediment pore-water 234U flux to be on 
the order of 10% of the input via rivers ( or 2 x 102 mol/yr). 
The dissolution of marine carbonates is another potential source of uranium to the ocean. 
Russell et al. (1996) estimate the uranium flux from this source to be 1 x 107 mol/yr in 
a glacial ocean, based on estimates of carbonate dissolution from Opdyke and Walker 
(1992). If these carbonates are at or near secular equilibrium, this provides a source of 
low b234U. 
Sinks of uranium 
Uranium is removed from the ocean through a number of different processes including 
uptake by plankton and organic matter, precipitation of organic and inorganic carbonates 
and removal from solution by adsorption or precipitation of insoluble minerals in a reducing 
environment (in suboxic and anoxic sediments). Global removal rates of uranium from the 
ocean are not well constrained and estimates range between 81 and 261 % of the riverine 
input rates (Barnes and Cochran, 1990; Russell et al., 1996; Morford and Emerson, 1999; 
Klinkhammer and Palmer, 1991). Fractionation of uranium isotopes is not expected to 
occur during these removal processes. 
Mechanisms for changing ocean water b234U · 
The range of estimates of modern day sources and sinks of uraJ?-ium to the ocean are con-
sistent with the conditions required for a steady state. Variations in ocean water 8234 U 
on long timescales may be a good indicator of the balance between physical and chemical 
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continental weathering (Henderson, 2002) , as nvenne input is thought to be the most 
important source of uranium to the ocean. Weathering processes should not change sig-
nificantly on the time-scales of interest to this study, so an alternative mechanism must 
be sought to explain the variability of <5234 U in the ocean implied by trend 1 in figure 3.16. 
This mechanism(s) would need to act as a perturbation to the steady-state balance of 
uranium sources and sinks to the ocean. 
The following is a brief discussion of some alternative mechanisms which may lead to 
rapid changes in ocean water <5234U. Because there is very poor quantitative constraint on 
the magnitude and source and sinks of 234 U and uranium in the ocean, the mechanisms 
discussed below are necessarily speculative. 
1. Riverine influx and glacial melt 
There is an apparent rise in <5234 U between MIS 3 and the present day (figure 3.16, trend 
1). If an increase in river water discharge volume or uranium concentration is responsible 
for this change in <5234 U ( /"V 10%0 increase) then the uranium discharge would need to be 
increased by more than a factor of 3 on a very short time-scale. However, it is unlikely 
that the discharge or uranium content of rivers would change by more that 50% between 
glacial and interglacial times (Henderson, 2002). The melting rate of the ice sheets over 
the period of the last deglaciation is approximately an order of magnitude smaller than the 
present annual river discharge rate7 . Therefore it is unlikely that the incre~ed weathering 
associated with the glacial melt would be sufficient to increase the global <5234 U ocean value 
by the observed amount unless the melt-water was extremely enriched in 234 U (possibly 
because of enhanced leaching of 234U from fine glacial sediment). 
2. Storage of 234 U in suboxic sediments 
The data in figure 3.16 suggest there may have been a gradual lowering of oceanic <5234 U 
following the last interglacial period. Using the lowest estimates of present day uranium 
irrfllLx and isotopic composition from ri er water a lowering of /"V6 %o in 20 ka could be 
achie ed by the decay of excess 234 U. If the removal of high <5234 U uranium from river 
water occurs before isotopic equilibration with the rest of the ocean, then the lowering of 
<5234 U of the global ocean could occur even more quickly (limited to /"V8 %o in 20 ka by the 
deca of excess 234 U). In anoxic and suboxic conditions uranium is readily reduced to its 
7The ice sheets of the last glacial ma,ximum were ,.._,3_4% of the total ocean volume. If the melting 
occurred over ,.._,10 ka this would produce a melting rate of approximately ,.._,5xl015 1/yr compared with 
the current global river discharge rate estimates of ,..._,3 _5 x 1016 1/yr. 
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+IV state and is therefore easily removed from solution (Klinkhammer and Palmer, 1991; 
Cochran et al., 1986; Rosenthal et al., 1995). This is a particularly important process in 
organic rich estuarine continental shelf sediments (Cochran et al., 1986). The proportion 
of uranium that undergoes burial in near shore sediments is dependent on river discharge 
and sediment disturbance (Cochran, 1992; Cochran et al., 1986). Estimates of the removal 
rate of uranium from the ocean into organic rich continental margin sediments range be-
tween 1 - 3 x 107 mol/yr (Morford and Emerson, 1999; Klinkhammer and Palmer, 1991), 
making them a major sink of oceanic uranium. Because this sink of uranium occurs near 
river sources of high ·8234U uranium, this may provide a mechanism for the removal of 
high 8234 U input before it mixes with the global ocean. A lowering of 8-10%0 in 20 ka is 
required to explain the low 8234 U measured in some sub-stage 5c samples in this study. 
If this observed value is real, it represents a near complete removal of high 8234U sources 
to the ocean. Lowering of ocean water 8234U to 135%0 by MIS 3 (Yokoyama, 1999) are 
possible, simply by using the lower estimates of present day uranium influx. Lowering of 
oceanic 8234 U could be achieved with the addition of a low 8234U uranium source such 
as the dissolution of marine carbonate, but current estimates suggest ~his would not be 
sufficient to lower oceanic 8234 U by the observed magnitude (Russell et al., 1996). 
To explain rapid rises in ocean water 8234 U such as that during the last deglaciation, 
Esat and Yokoyama (1999) suggest the following scenario. Consider the enriched 234U 
stored in suboxic continental shelf sediments that would immediately oxidise when ex-
posed after a fall in sea level. Upon a subsequent sea-level rise, this oxidised uranium is 
immediately dissolved and disperses into the ocean, creating a source of high 8234 U. Esat 
and Yokoyama suggest that the amount of enriched uranium accumulated during a 10 ka 
interglacial on the ·continental shelves which are then exposed during a glacial period may 
be sufficient to raise the ocean 8234 U by the observed magnitude. Further studies into the 
uranium content and isotopic composition of these continental shelf sediments are needed 
to be able to judge the magnitude of this contribution to changes in global ocean 8234 U. 
Changes in the distribution of reducing or oxidising conditions in deep oceanic sediments 
could result in changes in the net uranium budget of the ocean and influence the ur.anium .· 
isotope balance. Rosenthal et al. (1995) suggested that due to increased productivity 
in glacial oceans, there was a · twofold increase in the aerial . extent of suboxic sediment 
conditions at that time, from 8% to 16% of the total ocean floor area. This increase may 
change the magnitude of the potential uranium sink of the oceans during glacial periods. 
The magnitude of the contribution of a-recoiled 234U from oceanic sediments to the total 
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ocean's 234 U budget is uncertain (Ku, 1965; Henderson, 2002) but may be around 2x 102 
mol/year (Henderson 2002). In anoxic conditions, the a-recoiled 234 U in the sediment 
may not be immediately released into the ocean water. Let us consider the amount of 
a-recoiled 234 U that may be trapped in suboxic sediments in that 8% of the ocean floor 
during a 100 ka glacial period. 8% of 2x 102 mol/year production of 234 U over 100 ka 
suggests there may be a total accumulation of 1.5 x 106 mol of 234 U (also accounting for 
the decay of 234 U). This accumulated excess 234 U may be released during the transition 
from glacial to interglacial conditions, as the aerial extent of suboxic sediments is reduced. 
However , the amount of accumulated 234 U is equivalent to only 1 %0 of excess 234 U the 
total ocean (1.1 x 109 mol of 234 U) and cannot account for the total apparent rise of rvl0%o 
in 5234 U during the last deglaciation ( trend 1). 
3. Spatial variability of 5234 U within the ocean 
Chen et al. (1986) estimated ocean water 5234 U to be 144±2%0 from 9 uranium isotopic 
analyses of waters from the Atlantic and Pacific oceans. The uncertainties of individual 
measurements in that study were rv4-8%o and there is some scatter even outside the range 
of quoted uncertainties (in the Pacific samples), so spatial variability and depth depen-
dence of 5234 U cannot be ruled out. 8 Uranium concentration in ocean water (measured 
by Chen et al., 1986) has a range of values that is an order of magnitude larger than is 
predicted by steady state models. Based on this observation, Chen et al. (1986) suggest 
either i) previous estimates of uranium residence time in the ocean are too long and/or ii ) 
the mechanisms for the distribution of uranium in the ocean is not well understood. If the 
uranium isotopic composition of the ocean is also not uniform then this has implications 
for the expected rates of change of 5234 U compared to estimates based on a single layer 
box model. 
In Yokoyama s (1999) study of MIS 3 corals at Huon Peninsula there appears to be a 
succession of rapid oscillations in 5234U of up to 10%0 around a mean value that is lower 
than that of modern corals. Esat and Yokoyama (1999) suggest that these variations cor-
relate with sea-level oscillations. If real, these rapid variations during MIS 3 must reflect 
only local variability in 5234 U. Perhaps enriched 234 U uranium released from local estuar-
ine or continental shelf sediments in that region during each sea-level rise was the source of 
these rapid increases. The observed rapid decrease of 5234 U would then reflect a dispersal 
of the high 5234 U plume into the global ocean. In this scenario, the amount of excess 234 
8 Recent unpublished measurements from a number of different sites give a value of ,...._,148 .5 ±1 %0 which 
is also more consistent with observations of b234 U in modern corals, T. Esat pers. comm. 
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may have appeared very high locally but would not have been sufficient to significantly 
increase the global c5234U once it dispersed. 
To test these hypotheses, a comprehensive study of c5234U using high precision measure-
ment techniques for open ocean and coastal environment waters and modern corals should 
be conducted for both uranium concentration and isotopic composition. This is beyond 
the scope of this thesis. 
4. Fractionation of uranium isotopes 
The mechanism for incorporation of uranium into the coral skeleton is not well understood. 
Studies suggest that the U / Ca ratio of a coral is dependent on temperature (Min et al., 
1995; Shen and Dunbar 1995; Sinclair et al., 1998), but this has not been shown to affect 
the coral's U-Th isotopic composition. An alternative, but perhaps less likely, explanation 
for the observed variation of initial c5234U in corals may be the fractionation of uranium 
isotopes during the deposition of the coral skeleton as is observed for oxygen isotopes 
as a function of temperature (McConnaughey, 1989) or biological effects (Smith et al., 
2000). However a fractionation of the magnitude required to explain the observations 
seems unlikely due to the small difference in uranium isotopic mass numbers relative to 
the total mass of uranium. To investigate this possibility, a systematic comparison of 
c5234 U in modern corals with that of water at the same sites should be made for a number 
of regions but this is also beyond the scope of this thesis. 
Ocean c5234 U conclusions 
Several potential mechanisms exist that may lead to systematic changes in isotopic compo-
sition of ocean water over a glacial cycle (trend 1, figure 3.16). These include (i) variations 
in riverine uranium content or isotopic composition, (ii) storage and release of 234U from 
suboxic sediments and/ or(iii) spatial variability of _oceanic c5234U. 
However, not all of the observed variability in c5234Ui, (that is, the highly elevated values 
described by trend 2 in figure 3.16) -can be explained by variations in ocean water c5234 U 
because: 
1. There are a number of instances where different corals with a similar apparent age 
show distinctly different c5234Ui. (e.g. the data from the present study, figure 3.15) 
2. Very high values of c5234Ui, and the distinctive steep trend (trend 2 in figure 3.16) 
between c5234U and apparent age that are observed in fossil corals cannot easily be 
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explained by variations in ocean water 8234 U. 
3. Corals from the same site and stratigraphic horizon have a large range of ages ( e.g. 
site BRB3). 
Therefore diagenetic alteration must also be considered to explain the large range of ob-
served 8234 U and the trend of increasing 8234 U with apparent age. 
3.4.2 Modelling open system behaviour 
Alteration whether in the form of dissolution, recrystallisation or the addition of calcite or 
aragonite cements, can result in the mobilisation of uranium and thorium isotopes. How-
ever the effects of these alteration processes on a coral's apparent U-Th age and initial 
8234 U are not well understood. 
The U-Th analyses from the present study (figure 3.15) confirm the previously observed 
correlation between apparent U-Th age and initial 8234 U ( or measured 230Th/238 U and 
8234 U) in fossil deposits from different locations (see references in figure 3.16). In the 
present study, there is a particularly tight correlation between 230Th/238 U and 8234 U in 
the two sub-stage 5a features (figure 3.15) . The trend is also seen in the sub-stage 5c data, 
but with more scatter. A trend of increasing 230Th/238 U and 5234 U is also defined by the 
group of older samples (U6, U15), although the slope of this trend is less steep than for 
the younger deposits. The U-Th data from the other studies define simil_QI trends with 
varying degrees of scatter. The general consistency of these trends from different time 
periods and locations around the world indicates that the process ( es) responsible for the 
ariations in each of these isotopic ratios may be related. 
The sub-stage 5a and 5c deposits analysed in this study include samples with lower than 
modern 8234 . As discussed previously, it is possible that 8234 U of the ocean changed on 
this kind of time-scale. Alternatively if we assume that the full range of 230Th/238 act 
and 8234 values is the result of alteration then we must invoke two opposing diagenetic 
mechani ms of open s stem -Th behaviour one which increases both apparent age and 
initial 5234 U and another in which both decrease. 
In his section I discuss se eral al ernative models of diagenetic alteration that haYe 
been proposed to explain the observed trends (trend 2 in figure 3.16) of elevated 8234 U 
and apparent age. n emphasis is placed on the trends defined by the younger features 
identified in this study. 
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Addition of 234U and 230Th 
Gallup et al. (1994) presented the results of U-Th analysis on a set of MIS 5e and MIS 7 
age corals from Barbados, in which they identified the correlation of apparent U-Th age 
and initial 6234U (or measured 230Th/238U and 6234Um)- Gallup et al. (1994) proposed 
an 'addition' model in which this correlation is attributed to the continuous addition of 
234U and 230Th to the coral system. The ratio of the rate of addition of these two isotopes 
was determined empirically from the observed trend (230 Th: 234U of rv0.7:1). 
A comparison of Gallup et al. 's (1994) data and diagenesis model with the data from 
the current study is shown in figure 3.17 (dashed lines). Gallup et al.'s (1994) model 
reproduces the trend observed by the sub-stage 5a and 5c data in this study reasonably 
well. In contrast, the model predicts a much steeper slope than is observed for the MIS 6 
feature (site U6, this study). 
Gallup et al. (1994) acknowledge that it is surprising that their model requires the addi-
tion of almost equal amounts of 230Th and 234U. Generally thorium is much less abundant 
than uranium in percolating groundwater because of its lower solubility. Gallup et al. 
(1994) suggest that the 230Th and 234U nuclides may be transported, not in solution, but 
attached to suspended organic colloids. These colloids may have an enhanced affinity for 
thorium isotopes thus providing a mechanism for enhanced thorium transport ( Osmond 
and Ivanovich, 1992). The addition model proposed by Gallup et al. (1994) requires that 
percolating groundwater is enriched in 234U with respect to 238U. However, in a study of 
the U-Th isotopic composition of ground-waters at Barbados, Banner et al. (1991) found 
that present day groundwater samples were not enhanced in 230Th or 234U. Furthermore, 
this addition model does not provide a mechanism to explain the lower. than present day 
initial 6234U values observed for the sub-stage 5a and 5c features . 
. Early diagenesis in the marine environment 
Banner et al. (1991) suggested that addition of high 6234U may have occurred shortly after 
growth while the coral was still influenced by marine pore-waters. In this marine environ- --
ment, cements or recrystallised material would be in the form of aragonite (Bar-Matthews 
et al., 1993). Lazar et al. (2002) suggested that early dissolution and precipitation · of 
secondary aragonite in 5% volume of a 1000 yr old submerged coral can lead to a slight 
reduction in apparent age ( up to rv7%) with but with very little change in apparen,t initial 
6234 U. Prolonged submergence would presumably lead to a further reduction of age and 
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an increase in 5234U. Most of the exposed coral deposits at Barbados were removed from 
the marine environment shortly after their deposition because of tectonic emergence and 
sea-level fall. Therefore, the effect of this marine diagenesis on age is likely to be minimal. 
Marine environment diagenesis of this type cannot be responsible for the observed trend 
of increased apparent age and 5234U. 
Addition of 234Th and 230Th 
The addition of 234Th and 230Th in approximately equimolar amounts (Fruijtier et al., 
2000; Thompson et al., 2002) 9 has been proposed to explain the correlation of apparent 
age and initial 5234U observed in fossil corals. 234Th is the initial decay product of 238U 
and unlike 234U, both 234Th and 230Th are highly insoluble. The presence of these isotopes 
in percolating fluids in the fossil reef may be due to two processes: i) ejection of these 
isotopes via a-~ecoil from their host material following the decay of respective parents, 
238 U and 234 U; or ii) the decay of dissolved uranium in percolating fluids (Thompson et 
al., 2002). These daughter thorium isotopes may be quickly adsorbed onto the surfaces 
of corals, resulting in the enrichment of 234U (from the rapidly decaying 234Th) and 230 Th. 
In a two-box model, Thompson et al. (2002) calculated the ratio of 234Th to 230Th 
lost from a carbonate 'source' (including a-recoil and decay of dissolved uranium) and 
the resulting change to the isotope ratios of the coral 'sink' resulting from· the contin-
uous addition of these isotopes. 10 With some assumptions, which are addressed later, 
they demonstrate that the decay-dependent ratio of 234Th and 230Th that would be ad-
sorbed onto the coral 'sink' is consistent with the observed trends in the present study 
(see dashed lines in figure 3.18). The slope predicted by Thompson et al.'s model is in 
general agreement with the observed trends although the sub-stage 5a trends appear to be 
slightly steeper than predicted slopes. A variation of Thompson et al. 's model, in which 
the source of 234Th and 230Th is entirely from dissolved uranium, is shown as the dotted 
lines in figure 3.18. The best fitting model may be an intermediate between these two 
alternatives. 
Thompson et al. 's (2002) model provides a physical process to explain the observed-trends. 
However, there are still some uncertainties about the mechanisms involved (some of which 
9 Thompson et al.'s work has not yet been published but W. Thompson supplied a copy of the submitted 
paper and calculation spreadsheet. 
10 Thompson et al. suggest that non-continuous alteration does not necessarily affect the predicted trends 
but this will depend on the nature of the alteration history. 
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Figure 3.18: A comparison of the isotopic observations from the present study ( coloured 
symbols) and Gallup et al. 's (1994) Barbados data (grey squares) with Thompson et al. 's (2002) 
preferred model of continuous 234Th and 230 Th addition , which includes an a -recoil source and 
dissolved uranium ( dashed lines) and continuous 234Th and 230 Th addition from a dissolved ura-
nium source only (dotted lines). The slope of the trends defined by t he sub-st age 5a deposits lie 
between these two models. 
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are addressed by Thompson et al.): 
1. The model proposed by Thompson et al. (2002) invokes the removal of 234Th and 
230 Th by a-recoil from some carbonate 'source'. If the source is other corals within 
the reef, then we may expect to observe depletions of 234U and 230Th in some corals. 
The sub-stage 5a and 5c corals analysed in this study include o234U values which 
are lower than present day, and these corals could be interpreted as the depleted 
source of these isotopes. One would expect this lowering of o234U to become more 
important with the age of the coral, but most last interglacial ( and older) Barbados 
corals generally display higher than modern day o234U values, whereas MIS 3 corals 
consistently show a 10-15%0 depletion. Using Thompson's et al. (2002) estimates for 
the loss rate of 234Th and 230Th via a-recoil (approximately 2.5%), we would expect 
the minimum initial o234 U of the source corals to decrease by rv25%o (to rvl25%o) 
by 200 ka BP, which is not observed. The limited number of corals displaying such 
depletions may be due to one of the following: 
(a) If 234Th and 230Th originates from the decay of dissolved uranium alone this 
would not influence the isotopic composition of the coral source. 
(b) The 'source' may not be other reef corals, but rather other carbonate material 
within the reef framework. 
( c) A sample bias may be introduced by sampling only the best corals from a largely 
altered reef. However, the low o234 U samples in this study generally appear to 
be physically well preserved. 
2. Thompson et al. (2002) point out that there are some unresolved problems with the 
uranium mass balance considerations in the model. If dissolved uranium is the source 
of the excess 234Th and 230Th then the concentration of uranium in the percolating 
water must be high (up to 5% of the corals' uranium concentration). This requires 
either a substantial volume of carbonate to be dissolved in order to maintain this 
uranium concentration (based on the estimated groundwater flow rates), o_r that the 
repeated dissolution and reprecipitation of mobilised uranium slows its transport 
through the reef and allows more time for the adsorption of decay products 234Th 
and 230Th onto the coral 'sink'. In contrast, studies of Barbados groundwater suggest 
that the uranium concentration is only on the order of 0.03% of that found in cor~ls 
(Banner et al. , 1993) . . 
3. There is no clear explanation for why the adsorbed 234Th is not remobilised upon 
its decay to 234U. Thompson et al. suggest that the adsorbed 234Th does not remain 
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on the surfaces of the coral but rather migrates along crystal boundaries where it is 
more difficult to mobilise. In a discussion of a similar model, Fruijtier et al. (2002) 
suggested that the 234U produced by the decay of 234Th is in a reduced form and 
would, therefore, be more difficult to mobilise. 
Assuming these uncertainties can be resolved, Thompson et al. 's model appears to provide 
a mechanism to describe the general trends observed in U-Th analyses of corals. However, 
the trend of 230Th/238 U and <5234 Um which is defined by the sub-samples of U6-11 is much 
less steep than that predicted by Thompson et al. 's model indicating that a process of 
addition of 234Th and 230Th is not the only one acting on these corals. A combination of 
Thompson et al. 's 234Th and 230Th addition model, together with a net loss of uranium for 
the more altered sub-samples would shift their isotope ratios in the observed direction. 11 
Thompson et al. (2002) use their numerical open system model to correct apparent ages 
to find a 'true' age. This implicitly assumes that the mechanism they propose is the 
only one responsible for the mobilisation of U and Th isotopes. I suggest that although 
the addition of 234Th and 230 Th may be a plausible mechanism to describe these trends, 
correcting ages based on this open system model should be avoided because it does not 
take into account other mobilisation processes that may be occurring, such as uranium 
loss. 
Removal of uranium 
In a study of last interglacial corals from the Bahamas, Bar Matthews et al. (1993) 
examined the relationship between U and Th isotopic composition and petrographic tex-
tures and chemical composition. The U-Th dating of those samples was discussed by 
Chen et al. (1991). Even though some samples displayed physical evidence of alteration, 
Bar-Matthews et al. (1993) concluded that "the textural criteria ... do not appear as a 
quantitative, even semi-quantitative, predictor of the trace element chemistry or of shifts 
in <5234U". Bar-Matthews (1993) did identify an inverse relationship between <5234 U and 
changes in Na and SO3 (and Mg_ to a lesser extent), although no clear relationship was 
identified between <5234 U and U concentration. Bar-Matthews et al. (1993) suggest that 
leaching of uranium would occur in preference to thorium, because the latter isotope is 
more difficult to mobilise. This mechanism may be consistent with the observed depletions 
of a, Sand Mg. 
11 An independent process of net uranium removal from the coral leads to an increase in 230 Th/ 238 U 
without changing the b234 U. 
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A net removal of uranium can explain increases in the apparent age of the samples (by 
increasing 230Th/238U) but cannot account for the magnitude of the observed increases in 
8234 U. To reproduce the observed elevated 8234U values by invoking a process of uranium 
removal, there must be a fractionation of uranium isotopes during that removal, in which 
238U is removed in preference to 234U. Fruijtier et al. (2000) speculated that the 234U 
produced by the in-situ decay of 238U may be in a reduced ( +IV) state and therefore more 
difficult to mobilise than the primary 234U that was incorporated into the coral skeleton 
during its formation (in + VI state). However, it is not clear why the decay process of 
238U to 234U would trigger a change in oxidation state ( discussed later). 
Below, I present a numerical model that describes the open system behaviour of U-Th 
in a coral during the preferential leaching of uranium. This model allows for the arbi-
trary, time dependent addition or removal of U or Th isotopes (similar to the numerical 
model of Hamelin et al., 1993). This formulation treats the 234U that was originally in-
corporated into the coral (234Uprimary) independently to that formed by the decay of 238U 
(234 U secondary). Below are the differential equations that describe the, rates of decay of 
each isotope (Nx) as a function of radioactive decay and time-dependent rate of removal 
or addition (Rx): 
dN233 
dt 
dN?34 
dt 
dN234 
dt 
dN230 
dt 
A233N233 - A234N~34 + R~34(t) 
A234N234 - A230N230 + R23o(t) 
(3.1) 
In this scenario discussed below, the value of R233 is an arbitrary function of time. The 
primary 234U is not fractionated during leaching because it should be in the same oxidation 
state as the 238 U: 
RP N?34R. 234 = N 238 
238 
(3.2) 
'The 230Th and secondary 234U can be arbitrarily fractionated during removal, defined by 
the factors k234 and k230: 
k s N234R 234 N 238 
- 238 
N230 k230 N R233 238 
The set of linear, 1st order differential equations (3.1) are s?lved using a 5th order .Runge-
Kutta method. 
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First, an idealised situation is considered, where only 238 U and 'primary' 234 U are removed 
during leaching. In this case, k~34 and k230 equal zero. A scenario with the continuous 
removal of 238 U and primary 234 U produces the trends shown in the dashed lines of fig-
ure 3.19. This model predicts a trend which agrees well with those defined by the 5a and 
5c corals. It does not match the observed trend defined by the sub-samples of U6-11 ( this 
study). The predicted trend becomes less steep when removal of the 'secondary' 234 U is 
introduced (the dotted line in figure 3.19) and may explain the observed trend for the U6 
samples. 
There are some significant problems with this model: 
1. There is no consistent relationship between 5234 U and uranium concentration in the 
corals analysed in this study ( with the exception of the stage 6 corals, discussed 
later), as might be expected if the preferential leaching of uranium were the cause 
of the observed trends. However, if the carbonate matrix is also dissolved and re-
moved during this process then we may not expect a systematic lowering of uranium 
concentration. 
2. The results shown in figure 3.19 are for a scenario with the continuous leaching of the 
coral since its deposition. However, to elevate the 5234 Ui values to the most extreme 
values observed for the sub-stage 5a corals ( rv 180%0) would require a rv30% loss of 
the total uranium content. If the leaching occurred at a later time, ie during the 
last 20 ka, the same trend is predicted but the effect on the uranium concentration 
is smaller (10% for the extreme values). In general, low 5234 U corals appear to 
be better preserved (less _extensive dissolution textures) than those with very high 
5234 U values although this relationship is difficult to quantify. In the samples with 
the most extensive dissolution textures, the extent of this alteration is consistent 
with 10% dissolution (see discussion in section 3.3.3) 
The slope in 230Th/238 U vs 5234 Um for the MIS 6 deposits at sites U15 and U6 (including 
four sub-samples of U6-11) is less than that for other features. For this group of samples, 
there is also a well-defined relationship between the 5234 U and uranium concentration in 
which the sub-samples with the highest c5234 U values have around 15% lower uranium 
concentration (see figure 3.20). This may indicate, in some cases, that uranium loss is a 
significant part of the alteration process. A distinct trend in other sample groups may be 
hidden by the natural range of uranium concentrations that exists in corals. 
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The uranium incorporated into corals from ocean water is in an oxidised, + VI state. 
The mechanism discussed in this section invokes the reduction of uranium to a more 
insoluble +IV state after the decay of 238 U to 234 U (postulated by Fruijtier et al., 2000). 
A mechanism of this type is in direct contrast to the process leading to the preferential 
leaching of 234 U during continental weathering, which is responsible for the 234 U excess 
in the ocean. This mechanism is therefore speculative and further study of the isotopic 
composition of uranium in different oxidation states is required to establish the likelihood 
of these processes. 12 
Diagenetic alteration conclusions 
A correlation between apparent age and 5234 Ui ( or measured 230Th/238U and 5234 U) is 
observed in the studies of corals from around the world. This trend is particularly well 
defined in the sub-stage 5a and 5c deposits in the present study 3.15. In this section, I 
have presented a number of alternative mechanisms that have been proposed to explain 
this trend. These include: 
1. continuous addition of 234 U and 230Th in a fixed ratio (Gallup et al., 1994). 
2. addition of 234Th and 230Th from a source via a-recoil and the decay of dissolved 
uranium (Thompson et al., 2002; Fruijtier et al., 2000). 
3. net removal of uranium with a preference for 238 U and 234 Up relative to 234U 8 due 
to secondary 234U converting to a less mobile +IV state (Fruijtier,et _g,l., 2000). 
Although each of these different models can explain the observed covariance of 230Th and 
234U each is problematic and no single model can satisfactorily explain all of the obser-
vations. Possibly a combination of these processes is responsible for the correlation of 
230Th/238 U and measured 5234 U. None of these diagenetic models has provided a satisfac-
tory explanation for the lower than present day 5234 U values observed in the sub-stage 5a 
and 5c corals in this study and the MIS 3 corals from previous studies ( see figure 3 .16). I 
suggest that changing 5234 U of ocean water may be responsible for the lower than modern 
5234 U values (as discussed in section 3.4.1) and that diagenetic processes (yet to be es-
tablished) are responsible for the trend of increasing age and 5234 U from those minimum 
values. 
The focus of this work has not been a comprehensive investigation of diagenetic pro-
cesses leading to the observed elevations of measured age and 5234 U. However, the sets of 
12 Separation of uranium of different oxidation states has been achieved in marine phosphates by cupferron 
precipitation (Kolodny and Kaplan, 1970; O'Brien et al., 1987). 
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samples analysed in this study provide the opportunity for a future comprehensive study 
of physical, chemical and isotopic properties of these corals to investigate the effects of di-
agenesis on the corals U-Th system as well as the possibility of variable 8234U in the ocean. 
3.5 Interpretation of U-Th ages 
The reliability of a coral sample's measured U-Th age is generally based on a comparison 
of its initial 8234 U value with that of modern corals. If the 8234 U is significantly different 
from this modern value (148.5%0, see section 2.3.3), the measured age is considered un-
reliable. However, the issues of variable ocean water 8234 U and the effects of diagenetic 
alterat_ion complicates the interpretation of U-Th ages. In this section, I present the in-
terpretation of U-Th ages for each deposit identified in this study, and give age estimates 
and uncertainties for use in the calculation of sea level in the next chapter. 
If the 8234 U of the ocean at the time of deposition of these corals was equal to the present 
day, then the samples with 8234U values within error of the modern value have reliable 
ages. However, if ocean water 8234 U was lower than the modern value at the time of these 
sub-stage 5a and 5c events (say, 140%0), the estimated ages of the deposits would be lower 
by more than 2 ka because of the distinct trend defined by each group of samples. It is 
not clear at this stage whether the lower 8234 U values observed in the 5a and _ 5c data sets 
( this study) are the result of diagenetic mobilisation of U and Th isotopes or changing 
ocean water 8234 U, so both alternatives must be taken into account in assigning an age 
and uncertainty to each of the features. 
The U-Th results for the sub-stage 5a and 5c features analysed in this study are shown in 
figure 3.21. Only samples that are regarded as in situ are included in the calculation of 
the mean age of the deposits. If we assume that the general trends are the result of diage-
netic alteration, the scatter around the trendline may represent either noise (introduced 
by multiple diagenetic processes) and/ or a true range of ages. There is very little scatter 
of data around the trendline for the feature 5a-2 compared to that of the 5c deposits. This 
may indicate either that the 5c deposits have been more extensively affected by a number 
of alteration processes or that a prolonged period of coral growth has been sampled for 
that event. 
For the purpose of calculating sea level, I consider estimates of the 'mean age' of each 
deposit , rather than speculating about a true period of reef growth, with uncertainties 
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Figure 3.21: Summary of U-Th data for sub-stage 5a and 5c in situ corals analysed in the 
present study. The modern 8234U value of 148.5%0 is marked. The trendline associated with each 
group of data is marked with a dashed line. More samples with 8234 U below the modern value 
were included in the original data set ( compare with figure 3.15b) , but these were from non-in 
situ deposits and were removed for the purposed of age calculation. Site BRB 1, although being 
considered in situ, is not included in this plot because it represents deeper water growth during 
sub-stage 5c and is not included in the peak sub-stage 5c age calculation. 
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Feature Age (ka) Age (ka) 
b234 U=l48%o b234 U=l40%o Age (ka) 
5a-l 76.8±0.7 74.4±0.7 76.8±g:r 
5a-2 84.0±0.5 81.7±0.5 84.0±~J 
5c 101.0 ±1.4 98.7±1.4 101.0±§:i 
6 168.3±3.7 166.0±3.7 168.3±tI 
Table 3.13: Mean ages and uncertainties for each of the distinct periods of reef growth identi-fied in the lower Barbados terraces. The final age estimate is based on the modern b234 U criterion (148%0) but its quoted uncertainty range includes the ages defined by the lower 6234 U alternative (140%0) and is therefore asymmetric. Nomenclature of the sea-level features was defined by Schell-
mann and Radtke (2001). Separate ages are quoted assuming b234U at the time of growth was equal to the modern value of "'148.5%0 and equal to "'140%0. The uncertainties assigned to the ages of 
each of these events are much larger than the analytical precision of individual age determinations, 
even allowing for uncertainties in the decay constant (see sections 2.2 and 2.6 in chapter 2). For this reason, when comparing these ages with independent time-scales in the following chapter, the decay constant uncertainties are not considered further. 
that allow for either of the above possibilities. The quoted mean age is defined by where 
the trend of the data passes through the modern 5234 U values (148.5%0). An alternative 
age is given for an assumed initial 5234U of 140%0. Both of these alternatives are listed 
in table 3.13. The uncertainty assigned to each of these mean-age alternatives is based 
on the scatter of data around the trendline. 13 Because the true initial 5234U of these 
deposits has not yet been established, the age used in the calculation of sea level for these 
deposits (quoted in the final column of table 3.13) is based on the standard modern day 
5234U criterion (148.5%0) but the uncertainty range is asymmetric because it is extended 
to include the ages associated with the lower 5234U value of 140%0. 
Deposits for which the data coincide, such as PEP and B-RB3, are assumed to repre-
sent the same period of reef growth and the U-Th data is combined for the purpose of 
calculating a mean age and uncertainty estimate. If samples have been noted as non-in 
situ (section 3.3) they are not used in the calculation of age for that deposit. A more de-
tailed discussion of the age interpretations for each of the features identified in this study 
follows: 
13Each data point is projected onto the assumed initial b234 U value along the slope defined by the trendline of that data set. The standard error of the mean of these 'projected ages' is used as the uncertainty of the age assigned to that feature for that b234 U value. For the calculation of this scatter around the regression line , only samples with apparent initial b234 U values less than 156%0 are used. This is an arbitrary 
value chosen to ensure the increased scatter at very high b?34 U values (particularly for the sub-stage 5c deposits) does not create an artificially large uncertainty estimate. 
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Sub-stage 5a-1 
Site IM represents the youngest period of reef growth identified in this study. The age 
assigned to this deposit, for the purposes of calculating sea level, is 76 .8±g:i ka. This is 
the first time a distinct period of reef growth of this age has been precisely constrained. 
Sub-stage 5a-2 
The U-Th data from sites PEP, BRB3 and KF tightly coincide and therefore are assumed 
to represent the same period of reef growth. Only PEP and BRB3 samples were used in 
the calculation of the mean age of these deposits because the KF site has been identified 
as not in situ. The mean age assigned to these deposits is 84.0±gJ ka. The uncertainty 
assigned to this age is less than that of the younger sub-stage 5a deposit because there is 
less scatter around the trendline. These deposits correspond to the 'classic' sub-stage 5a 
event identified in early studies (section 3.2). 
Sub-stage 5c 
The U-Th data of the sub-stage 5c sites (U15, U18 and BRB4) are more scattered than 
for the younger deposits. The broad scatter is maintained even if the data from each 
deposit is considered individually. The distribution of ages at high c5234 U values appears 
to be skewed to even higher apparent ages, which is either due to (i) an extended period 
of reef growth; (ii) the effects of multiple alteration processes; or (iii) a artefact of sam-
pling. Because of this high scatter, I assume that the slope determined for the younger 
(sub-stage 5a deposits) can also be applied to this feature. Most proposed mechanisms of 
alteration predict small changes in the slope defined by the data as a function of the true 
age, however, this change is expected to be small between rv80 ka and ,..,._, 100 ka relative to 
the scatter observed for the sub-stage 5c deposits. 
These deposits have been assigned an age of ,..,._, 101±§:f ka. The uncertainty is larger 
than that of the sub-stage 5a deposits because of the increased scatter of the data. At 
these sites, samples were taken from a range of heights within the reef exposures and so 
the scatter may represent a true prolonged period of reef growth, although there is no clear 
age-height stratigraphic relationship of the samples at these sites. If the scatter represents 
a true period of reef growth from 104 ka BP to 98 ka BP (based on the modern o234 U), 
then the duration of this event was at least 6 ka, which is comparable to the duration of 
the last interglacial reef growth at Western Australia (Stirling et al., 1998). This event 
corresponds to the 'classic' sub-stage 5c event identified in earlier studies. 
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The age of the corals of site BRBl (not shown in figure 3.21) are grouped at a slightly 
older age than the other sub-stage 5c deposits. The large head corals of this deposit clearly 
represent deep-water facies (>15 m water depth). The U-Th data for this site do scatter 
around the modern (5234U value. I do not combine the data from this site into a single 
age. Instead, I use the oldest age of "'108 ka to place a constraint on the sea level at that 
time (in the following chapter). It appears that this deposit formed early during sub-stage 
5c, perhaps during the rise in sea level leading up to the peak of 5c defined by the other 
deposits (U15, U18 and BRB4). 
Stage 6 
Two deposits have been identified on the south coast that represent reef growth during 
MIS 6 · (not shown in figure 3.21). The age assigned to these deposits is 168.3±i:I ka. 
Further dating of these deposits is desirable to support this age determination. 
Summary of age interpretations 
The U-Th analysis of this study has identified a least 4 distinct periods of reef growth in 
the lower reef terrace at Barbados. These occur at 76.8±~:I ka and 84.0±g:f ka (sub-stage 
5a), "'101±!:1 ka (sub-stage 5c) and 168.3±i:I ka (stage 6). This is the first time that 
a distinct period of reef growth at "'77 ka (in addition to the 'classic' feature at 84 ka) 
during sub-stage 5a has been clearly constrained. The sea level associated with each of 
these features, and a discussion of the Barbados sea-level record in the context of other 
sea level and proxy climate records is discussed in the next chapter. 
Chapter 4 
Relative Sea-Level Change during 
Marine Isotope Sub-stages 5a and 
5c 
4.1 Introduction 
Evidence of paleo-shorelines associated with last glacial cycle sea-level transgressions is 
preserved at many localities around the world. At tectonically uplifting sites such as 
Barbados and Huon Peninsula, PNG, the emergence allows access to deposits that would 
otherwise be submerged or destroyed by subsequent sea-level oscillations. The relative 
sea level associated with those deposits can be calculated using the measured age and an 
estimate of the uplift experienced by that site. Sea-level estimates can then be compared 
to other proxy records to establish a coherent picture of global ice volumeS_ and hence of 
climate. 
In the study of the uplifted coral terraces at Barbados discussed in chapter 3, U-Th 
dating was used to establish the timing of the deposition of a number of reef terraces 
formed during marine isotope stages (MIS) 5 and 6. Deposits associated with the 'classic' 
sub-stage 5a and 5c sea-level high-stands were found to have mean ages of 84.0±g:i ka 
and 101.0±§:f ka respectively. A morphologically distinct reef was found to have a mean 
age of 76.8±~:I ka and can be inte_rpreted to represent a sea-level high-stand following the 
main sub-stage 5a peak. A 168.3±tI ka deposit is interpreted to represent a sea-level 
high-stand during MIS 6. 
The first part of this chapter (section 4.2) presents the results of relative sea-level cal-
culations at Barbados for each of the features identified in this study. In section 4.3 , I 
summarise the survey results of a recent field expedition to the tectonically uplifted ter-
races of Huon Peninsula, PNG, discuss existing age measurements for those deposits and 
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present a preliminary sea-level curve for that location. Later in this chapter ( section 4.4), 
the combined Barbados and Huon Peninsula MIS 5 sea-level records are interpreted in 
the context of climate change during that period. In section 4.5, I compare the sub-stage 
5a and 5c Barbados relative sea-level estimates from this study with those from other 
locations throughout the Caribbean and surrounding region. 
4.2 Sub-stage 5a, 5c and MIS 6 Barbados sea-level record 
4.2.1 Sea-level calculations at Barbados. 
The calculation of relative sea level ( hsl) associated with an uplifted coral terrace is based 
on the age of the reef ( t), its present elevation (H), the growth depth of the samples or 
reef crest (h9d)1, and the estimated rate of uplift (U) (assumed to be uniform) for that 
site: 
hsl = H + hgd - Ut ( 4.1) 
The uplift rate (U) can be calculated from the present elevation of the last interglacial 
reef/shoreline (HL1c), the assumed paleo-sea level of that high-stand (hL1c), the age of 
the reef ( tLJG) and the growth depth of the reef crest (h9d): 
U = (HLIG - hLJG + h9d) 
t (4.2) 
As a first order approximation, the uplift rate for each standard transect is assumed to 
have been uniform through time, at least since the last interglacial period (Bender et al., 
1979; Matthews, 1973). This assumption can be tested by the comparison of relative 
sea-level calculatio;ns for corresponding features at different transects with different uplift 
rates. This assumption will be discussed in more detail later. 
Barbados has experienced spatially variable uplift along its coast (see overview in sec-
tion 3.3 of chapter 3). The highest rate is evident at the 'Clermont's Nose' transect in 
the southwest of the island (Mesolella et al., 1969; Bender et al., 1979). At this location, 
the last interglacial reef reaches an elevation of rv6l m (Schellmann and Radtke, 2001). 
The rate of uplift decreases northward and eastward. Along the south coast, east of the 
classic 'Christ Church' transect (defined by Bender -et al., 1979), is a region that does 
not appear to have experienced any warping of the reef terraces ( south coast transect in 
1The inclusion of a possible growth depth of the reef crest allows for the possibility of erosion of the 
apparent crest of the deposit. If a dated coral reef deposit can be directly associated with another sea level 
marker, such as a notch, then this elevation should be used for the calculation of sea level and the growth depth estimate is not required. 
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Authors 
Bard et al., 1990 
Blanchon and Eisenhauer, 2001 
Broecker et al., 1968 
Edwards et al., 1987b 
Edwards et al., 1997 
Gallup et al., 1994 
Ku et al., 1990 
Age range (ka) 
'""125 ka 
123-129 ka 
120-128 ka 
122-129 ka 
124-127 ka 
117-130 ka 
118-123 ka 
Table 4 .1: Summary of previous age measurements for the last interglacial terraces at Barbados 
(both alpha spectrometry and TIMS analyses). Those samples considered unreliable because of 
very high o234 U are excluded from this summary. 
figure 3.3, Schellmann and Radtke, 2001). In this region, there are two distinct terraces of 
last interglacial age at elevations of 36 and 40 m (Schellmann and Radtke, 2001). Based 
on the results of the ESR dating, it is not clear which of these terraces represents the 
'classic' last interglacial deposit that corresponds to the 61 m terrace on the west coast. 
I adopt a mean elevation of 38±3 m for the last interglacial terrace on the south coast 
transect to calculate uplift. 
It is apparent that sea level during the last interglacial high-stand did not simply plateau, 
but may have undergone oscillations during the time period between 135 and 117 ka (Esat 
et al., 1999; Gallup et al., 2002; Blanchon and Eisenhauer, 2001; Chen et al., 1991). The 
appropriate age to assign to the last interglacial reef crest at Barbados is therefore uncer-
tain. Based on the range of age measurements from other studies ( table 4.1), I adopt an 
age of 125±5 ka for the last interglacial reef crest . The paleo-sea level of the last inter-
glacial high-stand at both far-field (Stirling et al., 1998) and intermediate-field (Chen et 
al., 1991) tectonically stable localities was rv +4±2 m. The growth depth of the exposed 
reef crest is uncertain and approximated to be 1±1 m to allow for the possibility of erosion 
since the time of deposition. 
Estimates of uplift rates for the Clermont's Nose and the Christ Church sections are shown 
in table 4.2. 
4.2.2 Overview of previous Barbados sea-level estimates 
Earlier studies of coral deposits at Barbados suggested that there were two main periods 
of reef growth corresponding to sub-stages 5a and 5c (see overview in section 3.2 of chapter 
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Transect HLJG (m) 
Clermont's Nose 61±2 
Christ Church 38±3 
Uplift rate (m/ka) 
0.46±0.03 
0.28±0.03 
Table 4.2: Last interglacial reef elevations above present sea level (Schellmann et al., 2002) and 
uplift rates calculated for the west and south coast transects investigated in the present study (see equation 4.2). The assumed paleo-sea level of the last interglacial high-stand is 4±2 m above present sea level. A growth depth of 1±1 m is assigned to the reef crest. Uplift rates used in 
previous studies vary and are sometimes different from those calculated here, but are generally 
within the quoted uncertainty. 
MIS Present elevation (m) Platform ESR Age (ka) Sea level ( m) 
5a-1 2 T-la1 72±6 -18 
5a-2 3 T-la2 85±8 -20 
5c-1 4 T-lb 99±11 -23 
5c-2 9 T-2 104±11 -19 
5c-3 16 T-3 102±8 -12 
Table 4.3: ESR ages and approximate sea-level estimates from Schellmann and Radtke (2001). Sea-level estimates in this table are the average of the values quoted by Schellmann and Radtke (2001) for three uplift rates based on a last interglacial paleo-sea levels of 0 m, +2 m and +6 m. 
The effect of diagenetic alteration tends to decrease apparent ESR ages. Part of the aim of this 
study is to confirm the conclusions of Schellmann and Radtke (2001) by using higher precision 
dating techniques. 
3) and that the timing of these correlate with periods of insolation maxima. 2 Sea-level 
estimates for these sub-stage 5a and 5c events range between -13 to -20 m and -12 to 
-17mrespectively (Broecker et al., 1968; Bard et al., 1990; Gallup et al., 1994). Based on 
revised, comprehensive mapping of the morphostratigraphy and ESR dating of the south-
ern Barbados terraces, Schellmann and Radtke (2001) infer a significantly more complex 
reef deposition history during MIS 5. The sea levels calculat_ed by Schellmann and Radtke 
(2001) for each of the morphologically distinct features are displayed in table 4.3. 
Bard et al. (1990) calculated a sea level of rv70 m below present for a sample with 
an apparent age of 79 ka retrieved from a drill core at a depth of 46 m below present sea 
level. However, the age of this sample can be considered unreliable because it has a very 
high 5234 U ( rv 190%0). This sea level constraint is therefore disregarded. 
Gallup et al. (2002) report a U·-Th age of 168±1.3 ka .for a deposit_ on the rapidly uplifting 
west coast of Barbados (Clermont's Nose traverse). Using an uplift rate of 0.44 m/ka the 
relative sea level associated with this deposit is calculated to be rv38 m below present. 
2 Sub-stage 5a and 5c insolation maxima (July, 65°N) occur at approximately 82 and 103 ka respectively. 
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Using the higher uplift of 0.46 m/ka for that transect ( calculated in the present study, 
table 4.2), this sea-level estimate is lowered to rv42 m below present. Deposition of this 
feature occurred in the middle of the glacial period MIS 6 and corresponds to event 6.5 in 
the Imbrie et al. (1984) stacked 518 0 record. 
4 .2.3 New sea-level estimates at Barbados 
The paleo-sea levels calculated for the sub-stage 5a and 5c and MIS 6 deposits that were 
dated in this study ( chapter 3) are presented here. 
Sub-stage 5a 
Two distinct periods of reef growth that occurred during sub-stage 5a have been con-
strained in this study. The reef crest deposits that correspond to the 'classic' sub-stage 5a 
peak are PEP, at a present elevation of 3 m above present sea level on the south coast, and 
BRB3, at a present elevation of 19 m on the west coast . The PEP deposit corresponds to 
the event 5a-2 (platform T- l a2, figure 3.3), identified on the south coast by Schellmann 
and Radtke (2001) . By assigning a mean age of 84.0 ka to both of these deposits, sea 
level associated with this event was calculated to be approximately -19±4 m (on both the 
south and west coasts, see table 4.4 and figure 4.1). The close agreement of the calculated 
sea level of these two deposits lend support to the assumed uniform uplift model. 
A distinct period of reef growth at rv77 ka was identified in a morphologically distinct 
terrace, deposit IM, at a present elevation of 2 m above present sea level on the south 
coast (platform T-la1 , figure 3.3). This deposit corresponds to the event 5a-1 discussed 
by Schellmann and Radtke (2001). The sea level associated with that reef crest deposit is 
calculated to be -19±4 m (see table 4.4). 
The limited facies exposure of the Inch Marlowe Point (IM) deposit gives no indication 
of the magnitude of the sea level rise leading up to the rv77 ka feature. Therefore, the 
magnitude of global ice build-up between the rv84 ka and rv77 ka deposits is uncertain. It 
is possible that these two deposits both grew during a prolonged period of high sea level 
and only appear to be distinct morphological features because of a discrete uplift event 
between the two. However, because the deposits are morphologically distinct, and the 
scatter of U-Th data for each deposit is small compared to the separation of the ages ( rv7 
ka) these features probably represent two distinct oscillations in sea level. This is the first 
time that two distinct sea level features during sub-stage 5a have been identified and pre-
cisely constrained. Ku et al. (1990) measured two ages which appear to correspond to this 
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Sea Level ( m) 
MIS Site Platform H (m) Age (ka BP) Site Mean 
5a-1 IM 8 T-la 2s 76.8±g:r -19±4 -19±4 
5a-2 PEP 8 T-lb 3s 84.o±g:i -19±4 
BRB3W l9w 84.o±g:i -19±4 -19±4 
5c U188 U15 8 
' 
T-3 15 8 101.0±§:j -12±4 
BRB4W 29w 101.0±§:j -17±4. -15±4 
5cdeep BRBlW 1-low ""'108 -48±~0 -48±~0 
6 U68 Ul5 8 
' 
108 168.3±~:I -35±~0 -35±~0 
Table 4.4: Summary of relative sea-level calculations for the features identified in this study. His 
the present elevation above sea level. Two additional sub-stage 5c features identified by Schellmann 
and Radtke (2002) were not identified in this study (figure 3.3). Sites on the south and west coasts 
are identified with a superscript (s) and (w) respectively. For the south coast sites, the platforms 
labelled by Schellmann and Radtke (2002) are also given. The representative age used for each 
sea-level feature is individual age measurements from each site as discussed at the end of chapter 
3. The uncertainties in sea level (Clh) are calculated from: Clh = J CJif + CJ;d + U2CJf + t2CJb. A 
growth depth ofJ±l m is assigned in calculating these sea levels. The quoted uncertainty in sea 
level is based on the larger of the two quoted age errors. Using the smaller age error does not 
decrease the sea level uncertainty by a significant amount because most of the uncertainty is due 
to the uplift rate component. 
younger sub-stage 5a feature, but it was not recognised as belonging to a morphologically 
distinct terrace. 
Sub-stage 5c 
Four deposits of sub-stage 5c age were analysed in this study, Ul5, Ul8, BRB4 and BRBl. 
A mean age of l"Vl0l ka was determined for the first three of these deposits. An age of 
108 ka is adopted for the site BRBl (discussed later). On the south coast the crests of 
the deposits Ul5 and Ul8 are at 11-12 m above present sea level. Schellmann and Radtke 
(2001) suggest that these deposits correspond to the platform T-3 (figure 3.3 in chapter 
3) which reaches an elevation of 16 m in the south coast transect used · by those authors 
for sea level calculations. G. Schellmann (pers. comm.) suggests that the back reef of 
the Ul8 and Ul5 deposits do reach an elevation of 12-15 m above present sea level at 
those sites. Therefore, a present elevation of 15 m is used to calculate sea level for these 
deposits. Site BRB4, located on the west coast, produced no reliable U-Th anal:yses but 
it is clear that this deposit is of sub-stage 5c age and has therefore been assigned the same 
age as the Ul5 and Ul8 deposits. The elevation of this deposit is 29 m asl. The sea levels 
calculated for the south and west coast sub-stage 5c deposits are -12±4 m and -17 ±4 m 
respectively. The mean of these is -15±4 m. There is relatively poor agreement (but still 
within uncertainty) of the sea levels calculated for this event at each transect. Possible 
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Figure 4.1: Barbados relative sea-level estimates from the west (circles) and south (triangles) 
coasts. The extended uncertainty range for the 108 ka feature is because this site contains deep 
water facies and could have been deposited in > 15 m water depth. 
reasons for this include (i) error in the age assigned to one or both deposits; (ii) error 
in the elevations assigned to one or both deposits (if the 10 m elevation of the U15 and 
U18 reef crests is used for the sea level calculation instead of the 15 m suggested by G. 
Schellmann, then the two sea level calculations would be in much better agreement); (iii) 
departure from uniform uplift at one or both transects. At this stage it is not possible to 
determine between these alternatives. 
Measured ages of rv 108-103 ka · for the apparent deep water facies corals (growth dept h 
of >15 m) at site BRBl indicate that these corals grew at a time roughly corresponding 
to sub-stage 5c, but probably prior to the sub-stage 5c sea level maximum. The only 
constraint that can be placed on sea level based on this observation is that sea level was 
above -48 m by rvl08 ka. 
Sub-stage 6.5 
Three samples from Foul Bay (U6) and Salt Cave Point (U15) have been analysed in this 
study and the mean age adopted for these deposits is rvl68.3 ka. Further samples from 
these deposits should be dated to confirm this age. Based on the present day elevat ion 
of the upper-most sample U6-11 (at 10 m asl), and assuming the same uplift rate for this 
part of the south coast, the sea level associated with those deposits is calculated to be 
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rv35 m below present.3 This compares well with the estimate by Gallup et al. (1994) 
for the same event recorded on the west coast, at rv-37 m ( or -42 m using a higher uplift 
rate). The deposits studied here are at a different location to that studied by Gallup et 
al. (1994) and therefore provide an independent confirmation of sea level for the MIS 6.5 
event. The crest of the U6 deposit is ""10 m higher than the elevation of the sample that 
was analysed in this study (U6-11). Until further investigation of this deposit takes place, 
I assign an uncertainty of +l0m to the calculated sea level (see table 4.4 and figure 4.1). 
Summary 
In this investigation, three distinct periods of reef growth represented by morphologically 
distinct reef deposits have been identified from dating the uplifted coral terraces at Bar-
bados. The paleo-sea level of the two sub-stage 5a deposits is approximately the same, at 
""19±4 m below present sea level, and the sub-stage 5c event may have reached a sea level 
of rvl5±4 m below present. This is the first time that two distinct sea level events during 
sub-stage 5a have been precisely constrained and this supports the view of Schellmann 
and Radtke (2001) that the Barbados terraces record sub-orbital variations in sea level 
during MIS 5. In the following sections, I compare the sub-stage 5c and 5a Barbados sea 
levels with other sea level and climate records. 
3The elevation of the last interglacial deposits on this ·part of the coast (figure 3.2) has not yet been 
established. The uplift rate may therefore vary outside the quoted uncertainty for the south coast transect. 
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4.3 MIS 5 Huon Peninsula sea-level record 
Comparing sea-level records at different locations enables us to distinguish between a 
global ice volume signal and local effects such as tectonics. The raised coral terraces 
of H uon Peninsula in northeastern Papua New Guinea are one of the most spectacular 
records of Pleistocene sea-level variations in the world and provide a comparison for the 
sea-level record inferred from the Barbados terraces in the previous section. The Huon 
Peninsula terraces lie parallel to the coastline for approximately 80km and reach an ele-
vation of "'1000m. They represent the sea-level oscillations of many glacial cycles (Veeh 
and Chappell, 1970; Chappell, 1974, Chappell and Shackleton, 1986). Huon Peninsula is 
a tectonically active region lying northeast of a zone of faults which reflect complex plate 
boundary interactions. Uplift rates range from approximately 0.5 m/ka in the northwest 
(Gitua) to over 3 m/ka in the southeast (Bobongara). During times of sea level rise, when 
the rate of sea level rise was greater than the rate of uplift, major coral reefs were formed. 
Figure 4.2 shows the location of Huon Peninsula (HP) and a map of the terraces between 
the K wangam River and the village of Sialum. 
Fairbridge (1960) first speculated about the geological significance of the terraced coast-
line, shown in aerial photographs from Allied Forces Wartime Intelligence documents in 
1943. Corals and molluscs were dated and found to be of Quaternary age (Polach et al., 
1969; Veeh and Chappell, 1970; Chappell, 1974) with all of the major interstadial sea-level 
events of the last glacial cycle represented in the terraces. The Last Interglacial terrace 
is an easily identifiable barrier reef structure (reef VIIa,b) with a maximum elevation of 
just over 400 m at Bobongara. The succession of terraces below this last interglacial de-
posit, reefs VIa, VIb, Va-outer, Va-main, Vb and IV represent coral reef growth during 
the later part of MIS 5.4 The complexity of the reef structure at Huon Peninsula implies a 
complex, sub-orbital period sea level variability during MIS 5 ( Chappell and Shackleton, 
1986; Lambeck and Chappell, 2001). 
The Huon Peninsula terraces provide a wealth of information about late Pleistocene sea-
level variations. However, inadequate sampling and poor sample quality has led to incon-
sistencies in the ages measured for the terraces and, therefore, the inferred sea-level record. 
In March, 2001, we conducted a field expedition to Huon Peninsula to conduct comprehen-
sive sampling and a detailed field survey of three main transects at Bobongara, K wambu 
4The reef nomenclature is not related to the numbering scheme of the marine isotopes stages, but has 
evolved over a period of time as the sub-reefs were identified in transects of different uplift rates 
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Figure 4.2: Location of Huon Peninsula in the north-east of New Guinea and map of uplifted 
coral terraces representing Holocene to MIS 7 sea level changes, between the K wangam River and 
the village of Sialum. 
and K wangam. 5 Unfortunately, time constraints and the limited availability of a suitable 
mass spectrometer for thorium analysis restricted the number of Huon Peninsula samples 
that were investigated in this study. U-Th ages for three samples that were analysed in the 
present study are summarised in Appendix A, however these samples will not be referred 
to further. In this section, I will outline the results of previous studies of the sub-stage 
5a and 5c deposits at Huon Peninsula, summarise the results of our re~ent reef el~vation 
survey and discuss the calculations of the H uon Peninsula sea level. Facies descriptions 
are based on discussions with John Chappell during the 2001 field excursion. Appendix A 
contains a brief summary of field observations for each terrace and summarises previous 
age measurements and revised sea-level calculations for the Huon Peninsula terraces. 
4.3.1 Terrace descriptions and existing age determinations 
Reef VII 
Reefs VIIa, VIIb and VIIc represent coral reef growth during sub-stage 5e, the last inter-
glacial period. Here I do not discuss the structure of the reef VII complex in detail. Age 
5 Participants in March 2001 Huon Peninsula Field Expedition: Emma-Kate Potter, John Chappell, 
Tezer Esat, Eugene Wallensky, Nick Araho and Tim Denham. 
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data from Stein et al. (1993), Bloom et al. (1974), Chappell (1974) and Esat et al. (1999) 
(see table in Appendix A for a summary of age measurements) suggest that there are 
two clusters of ages for these deposits at around rvll8 ka and rvl36 ka, neither of which 
correspond to the period of last interglacial peak sea level defined by coral reef growth 
at Western Australia (between 128 and 122 ka, Stirling et al., 1998) and in the Bahamas 
(between 132 and 120 ka, Chen et al., 1991). Esat et al. (1999) suggest that the older 
age group represents the peak of a rapid sea-level oscillation prior to the last interglacial 
plateau. However, there is still debate about the detailed structure of sea-level variations 
during the last interglacial. The structure of the last interglacial back reef (VIIa) and 
barrier crest (VIIb) is similar to that of the Holocene reef deposit. By analogy, the back 
reef VIIa should correspond to reef growth early during the last interglacial highstand. 
Following this argument an age of 128±2 ka is adopted by Lambeck and Chappell (2001) 
to represent the timing of deposition of the last interglacial fringing reef (VIIa) for sea-
level calculations. Stein et al. (1993) discuss an alternative scenario in which the fringing 
reef crest (VIIb) represents growth at a later time of rv 119 ka. Both of these alternatives 
are considered later. 
Reef Vla 
Reef VIa is the first major reef structure below the Last Interglacial (Reef VII) complex. 
At the three transects studied (Bobongara, K wambu and K wangam), reef VIa contains a 
thick unit of shallow water reef crest facies ( rv 12 m exposure at Bobongara} 
Previous U-Th age measurements reported by Bloom et al. (1974), Esat et al. (1999) 
and Omura et al. (1994) are summarised in Appendix A. The scatter of the age measure-
ments is large ranging from 92:1 ka to 113.2 ka (samples noted as 'reef VI' are assumed to 
belong to reef VIa ) . However, some of those samples are noted as having been collected 
at or near the base of the reef VIa and therefore should not necessarily be considered for 
dating the peak sea level associated with that feature. Lambeck and Chappell (2001) use 
a mean age of 107±3 for this deposit based the previous age measurements. 
Reef Vlb 
Reef VIb is not a well-developed structure and has a maximum of rv2 m of distinct shal-
low water facies at the study sites. At the K wambu section, there is a clear discontinuity 
between the upper shallow water (reef crest unit) and a lower coral limestone unit of 
mixed fore-reef corals and detritus. 
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Both Omura et al. (1994) and Esat et al. (1999) dated a number of samples from reef 
VIb with ages falling into two groups of rvl26 ka to rvl32 ka and rv90 ka to rvll5 ka (see 
Appendix A). The older samples appear to have been deposited during the penultimate 
deglaciation, prior to the last interglacial peak (reef VII). None of the younger group of 
samples were collected from near the reef crest. Two of the three samples collected near 
the crest of this reef in the 2001 field expedition (see chapter 3) that have been dated 
in this study have ages of rv 130 ka and the third has an age of rv 106 ka. Based on the 
existing age measurements, it is difficult to establish the age of this deposit. 
Perhaps the reef VIb platform does not represent a major high-stand during sub-stage 
5c. Alternatively: . (i) the VIb, platform may have formed during a sea-level event prior 
to the last interglacial high-stand and was then covered by a veneer of sub-stage 5c aged 
corals; (ii) it may represent a constructional feature that formed during the sub-stage 5d 
to 5c transition; or (iii) it may represent an erosional bench cut into the .older deposits be-
fore or after the formation of the sub-stage 5c reef VIa deposition. Further comprehensive 
dating efforts are required to establish the true age of this reef. Lambeck and Chappell 
(2001) assume this deposit represents a secondary sub-stage 5a sea-level oscillation and 
adopt an age of rvl00 ka, which roughly corresponds to the age of the sub-stage 5c deposit 
at Barbados analysed in the present study. 
Reef Va 
In the regions of higher uplift, reef Va is divided into two morphologically distinct units, 
Vaauter and Vamain and these two reefs may represent consecutive sea-level high-stands. 
Reef Vamain is best exposed at Bobongara, where it is clearly distinct from the overlying 
Vaauter. At that location Vamain contains more than 6 m of shallow-water reef-crest facies. 
At K wambu and K wangam, rv7-8 m of reef Va shallow-water facies are exposed. 
Measured ages of these deposits are given by Bloom et al. (1974) and Omura et al. 
(1994) . Bloom et al. (1974) reported ages of 61±4 ka, 84±4 ka and 86±4 ka for 'reef Va'. 
The age of the youngest sample ( rv6l ka) corresponds to the lower reef III ages measured 
by Yokoyama et al. (2001c) and Chappell et al. (1996a). If the older two are acc€pted, 
the mean age for this deposit is 85±4 ka, which is consistent, within age-measurement 
uncertainties, with other estimates of the 'classic' sub-stage 5a high-stand ( e.g. rv84 ka, 
this study). 
Two additional samples from reef 'Va' are slightly older, with a mean age of rv92.4±2 
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ka (Omura et al., 1994). These were interpreted to correspond to the older reef Vamain 
deposit, although a distinction is not made in their field notes. This age is similar to that 
of samples at a submerged reef at Florida (Toscano and Lundberg, 1999) which underlie 
'classic' sub-stage 5a ( rv84 ka) deposits. Lambeck and Chappell (2001) assign an age of 
90.6±2 ka to this deposit. 
Reef Vb 
Reef Vb is a poorly developed structure, which at Bobongara has a sandy limestone cap of 
less than ""1 m and appears to be an erosional bench cut into the underlying Bobongara 
beds ( defined by Pandolfi and Chappell, 1994). At K wangam, this reef has a 2-3 m cap of 
rubbly grainstone. The age of this deposit has not been constrained directly as it contains 
very little material that is suitable for dating. 
The two published ages given for reef Vb from Omura et al. (1994) ( rv94 and 106 ka) 
are inconsistent with each other and can be tentatively rejected as being too old for this 
deposit. Based on stratigraphic considerations, this reef Vb structure may correspond to 
the rv77 ka feature identified at Barbados (this study, chapter 3), and Lambeck and Chap-
pell (2001) assigned an age of 77.8 ka to this reef calculated from the present elevation 
of two reefs (and an assumed age of the last interglacial deposit of rvll9 ka). The age 
and the associated sea level estimate for this feature calculated by Lambeck and Chappell 
(2001) are open to revision based on future independent constraint on the timing of its 
formation. 
Reef IV 
At Bobongara, the reef IV structure is very broad and has several metres of shallow-water 
reef crest facies. The weighted mean of reliable reef IV ages from Chappell et al. (1996a) 
and Omura et al. (1994) is rv71.2±2 ka; however, there is some scatter in the ages. Reef 
IV is interpreted to represent a sea-level oscillation during the MIS 5-4 transition. 
2001 field survey 
A new, detailed field survey of the upper terraces (IV to VII) was conducted by trigonomet-
ric heighting using a total station (theodolite and EDM) during the 2001 field expedition 
to Huon Peninsula. The reef elevations are summarised in table 4.5 and figure 4.3. 
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Reef elevation (m) Age estimate 
Reef label BOBO KWAM KWANG (ka) 
VIIa rear 405t 240.4 204 
VIIb crest 402t 227.6 197 
VIIc rear 176 
VIIc front 386t 207 163.3 (see caption) 
VIa rear 326 173.4 140.8 
VIa front 317.8 170.8 139.9 107 
VIb upper,rear 302.4 
VIb upper,front 291.5 
VIb outer rear 286.8 144.3 120.7 
' 
Vlb outer,front 280.8 142.7 119 100 
Va main,rear 264 127.9 101.7 
Va main,front 263.1 124.6 101.5 90.6 
Va outer,rear 250 123.6 100.9 
Va outer,front 244.3 122.3 100.3 84 
Vb front 213.8 78.5 77.8 
IV rear 197 88t 
IV front 190.6 82t 71.2 
Table 4.5: Summ~ry of Huon Peninsula reef elevation survey. Three transects were surveyed, in 
detail, during the 2001 field expedition: Bobongara (BOBO), Kwambu (KWAM) and Kwangam (KWANG). Elevations are in metres above present sea level. All elevations were measured in 
the 2001 survey except for those marked (t) which were measured by theodolite triangulation in 
previous expeditions in 1988 and 1992 (J. Chappell, pers. comm.). Ages are inferred from the 
existing information in the literature. There are two clusters of ages for the last interglacial . reef 
deposit VIIb at around ,...._,119 ka and ,...._,136. The alternative ages for the last interglacial reefs used 
_in the uplift calculation are 128 ka for deposit VIIa (by analogy with the Holocene reef) and 119 
ka for the reef deposit VIIb. This is discussed in the text. 
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Figure 4.3: Reef profiles for Bobongara, Kwambu and Kwangam. Distance scale is approxi-
mate. Approximate shallow-water re~f-crest facies are marked. 
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Transect Deposit Elevation ( m) Age (ka) Paleo-sea level (m) Uplift rate (m/ka) 
Bobongara VIIa 406 128±2 4±2 3.14±0.06 
VIIb 402 119±2 0±2 3.34±0.06 
Kwambu VIIa 240 128±2 4±2 1.84±0.04 
VIIb 227.6 119±2 0±2 1.88±0.04 
Kwangam VIIa 204 128±2 4±2 1.56±0.04 
VIIb 197 119±2 0±2 1.62±0.04 
Table 4.6: Summary of alternative uplift calculations for the three Huon Peninsula transects 
studied. The uplift calculation does not take into account a growth depth of reef deposit. The 
quoted uncertainty includes uncertainty in the age of the deposit, the paleo-sea level, the elevation 
of the deposit and an allowance for the amplitude of discrete uplift events (mean of ,.__,3 m during 
the Holocene). 
4.3.2 Huon Peninsula sea-level calculations 
Based on an analogy with the Holocene reefs, the last interglacial back reef (VIIa) should 
correspond to reef growth early during the last interglacial highstand. The uplift rate for 
each of the surveyed transects, based on an age of 128 ka for the reef VIIa at a paleo-sea 
level of 4±2 mare given in table 4.6. The sea level associated with each of the reef terraces, 
based on the interpretation of the existing age data in the literature (previous section), 
are shown in figure 4.4a. Details of the sea-level calculations are given in Appendix A. 
There is significant scatter in the calculated sea levels for each of the sub-stage 5a and 
5c reefs. In particular, sea levels calculated at the Bobongara transect are up to rv 15 m 
higher than estimates for corresponding features at the other transects. Possible reasons 
for discrepancies between the sea level calculated at different transects include uncertain-
ties in the assigned ages of the reefs, error in the uplift rate estimated for one or more 
transects due to uncertainties in the formation history of the last interglacial deposit, or 
departure from uniform uplift at one or more transects. 
As an alternative, the calculated sea levels for higher uplift rates, using an age of 119 
ka for the last interglacial deposit VIIb (based on the age measurements of Stein et al. , 
1993) and a paleo-sea level of 0±2 m are shown in figure 4.4b. Because the uplift rates 
are higher at each transect ( compared to figure 4.4a), the estimates of sea level for each 
event are lowered. Furthermore, because the increase in uplift is proportionally larger 
at the higher uplift, Bobongara transect, this acts to bring the estimates for each of the 
features at individual transects into better agreement. This agreement would suggest that 
this choice of uplift rate is the preferred value. Hearty et al. (2001) suggested that there 
was a rapid sea-level excursion at the end of the last interglacial period in the Bahamas 
4.3. MIS 5 HUON PENINSULA SEA-LEVEL RECORD 99 
20.00 
A 
10.00 
' 
--
I I I I I 0.00 
'O 120 110 100 90 -- 80 70 6D 
t- --VII - 0 ~ t"l 
--~~ : ... 
-~ 9 ·~ T h -
±: .. ~ J. ~ --• > I , •• 
-
- 1 • > ~ -
-
-10.00 
-20.00 
,,-., 
E 
--
-30.00 ~ > Q) 
ro 
-40.00 Q) (/'.) 
-50.00 
ll.BOBO 
-60.00 
• KWAM 
• KWANG 
-70.00 
GBarbados Via Vlb Vamain Vaouter Vb IV 
-80.00 
Time (ka BP) 
B 
20.00 
10.00 
-:c. I ' ' ' 0.00 
:o 120 110 100 90 80 70 6D 
VII f A 6 
- I .l.. 
-
-10.00 
-20.00 
-- ,,-., 
-
I J 
--
-30.00 E 
---- l r 
-- --
j ~ 
=f 1,1 
J i,i J.. 
_.,. 
n· 
- I l 0 • • 
! ~ r: ± 
Q) 
-40.00 > Q) 
ro 
-50.00 Q) (/'.) 
-
ll. BOBO .... 
-60.00 
GKWAM -
-
• KWANG -70.00 
e>Barbados Via Vlb Vamain Vaouter Vb IV 
-80.00 
Time (ka BP) 
Figure 4.4: Sea levels calculated for the Huon Peninsula terraces at transects Bobongara, 
K wambu and K wangam for two assumed uplift rates. A) lower uplift rate calculated from assuming 
an age of 128 ka and sea level of 4±2 n1 for the last interglacial reef VIIa and B) higher uplift 
rate from assuming an age of 119 ka and sea level of 0±2 m for the last interglacial reef VIIb. See 
table 4.6 for details. 
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reaching up to 8 m above present sea level at that location, but the precise timing of this 
event has not been established. Assigning an age of 119 ka and a paleo-sea level of 8 m 
to the VIIb deposit increases the calculated Huon Peninsula sea levels by 4-7 m, but are 
these are still well below those sea levels calculated in figure 4.4a using an age of 128 ka 
for the last interglacial reef VIIa. 
A graphical method of calculating relative sea level for features (for which the ages are 
not known) that are identified at multiple uplifted sites is outlined by Bloom et al. (1985, 
1990). This method is equivalent to calculating the best estimate of sea level for each 
event numerically by using a least squares analysis if there is redundancy in the data, 
ie if there are multiple transects with terrace features of known ages. In this method, 
the present day elevation of each reef terrace is plotted against the elevation of the last 
interglacial terrace ( corrected for the paleo-sea level of the last interglacial high-stand) for 
each transect. The y-axis is chosen to represent zero uplift, where the intercept of a line 
through the reef elevations of the last interglacial deposits is equal to the paleo-sea level 
associated with that high-stand (4±2 mat 128 ka or 0±2 mat 119 ka). !he y-axis inter-
cept of a line of best fit through the terrace elevations at each transect gives an estimate 
of sea level associated with that event. The slopes of the regression lines give a measure 
of the relative ages of each of the features represented. 
Bloom et al. ( 1985) applied this method to the terrace elevations at H uon Peninsula 
and determined the sub-stage 5a and 5c paleo-sea levels to be at f'..J- 7 m and ('..JO m respec-
tively. However, the reef-elevation data used by Bloom et al. (1985, 1990) are base~ on an 
early theodolite survey ( with large quoted uncertainties ±5m) and appear to differ from 
the revised elevation data shown in table 4.5. Furthermore, the sub-structures evident 
in the reefs at Huon Peninsula are not noted by Bloom et al. (1985, 1990). Applying 
Bloom et al. 's method to the revised terrace elevations produces sea-level estimates for 
the sub-stage 5a and 5c events that range from -40 to below -60 m (see figure 4.5). 
The relative ages of the deposits can be inferred from the slopes of the regression lines, 
assuming an appropriate age for the last interglacial reef. Assuming an age of 1~8 ka 
for the last interglacial deposit VIIa, the ages · calculated for the rest of th€ MIS ·5 reefs 
are consistently higher than those estimated independently ( table 4. 7). The ages inferred 
from the slopes of the regression lines agree better with the observed values if the age 
assigned to the last interglacial reef VIIb is ('..J 119 ka ( table 4. 7). This is equivalent to 
the result shown figure 4.4, in which the calculated sea levels are more consistent between 
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Figure 4.5: Example of the graphical 'intercept' method described by Bloom et al. (1 985, 1990) 
applied to t he MIS 5 terraces at Bobongara, K wambu and K wangam t ransects at Huon Peninsula. 
In t his example, the terraces eleva~ions are plotted against the elevation of t he last interglacial reef 
Ila (adjusted for a paleo-sea level of 4 m above present, or any other arbit rary value could be 
chosen) . The y-axis intercept of each line of best fi t t hrough each set of terrace ele, ations is equal 
to the sea level associated wit h that feature. The ratios of the slopes of the lines are equal to the 
ratios of t he ages of the associated features . See text fo r details. 
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Age (ka) Age (ka) Age (ka) 
Reef estimated tLJG = 128 ka tLJG = 119 ka 
Vla 107 118 106 
Vlb 100 107 96 
Va,main 90.6 104 93 
Va,outer 84 95 86 
Vb 77.8 86 78 
Table 4. 7: Comparison of terraces age estimated in the previous section, based on existing age 
measurements ( column 1), with ages inferred from the slope of the regression lines through the 
terrace elevations, assuming (i) an age of 128 ka for the last interglacial deposit VIIa ( column 2) 
and (ii) an age of 119 ka for the last interglacial deposit VIIb (column 3). 
the three transects if an age of 119 ka for reef VIIb is used to calculate uplift. Again, 
these comparisons suggest an age of 119 ka for the last interglacial reef VIIb is the most 
appropriate to use for the calculation of uplift for the Huon Peninsula terraces. 
Although the age of 119 ka for the last interglacial terrace VIIb produces sea-level esti-
mates that are more consistent between the different Huon transects, these values are now 
up to 30 m lower than the estimates for the corresponding events at Barbados (figure 4.4). 
As I will discuss in chapter 6, we do not expect the relative sea levels at Barbados and 
Huon Peninsula to be equal due to the effects of glacio-hydro-isostasy. However, based on 
isostatic considerations, the difference between the relative sea levels at the two locations 
is expected to be small ( <"'5 m). Therefore, in contrast to the above discussion, this 
comparison now sugges_ts that the higher uplift rates (based on an age of 119 ka for the 
reef VIIb deposit) are not appropriate. 
The reason for some of these inconsistencies is likely to be the result ·of uncertainty of 
uplift rate at Huon Peninsula because of: (i) uncertainties in deposition history of the 
last interglacial reef deposits at Huon Peninsula ot (ii) non-uniform uplift since the 1ast 
interglacial period at one or more sites. A more detailed discussion of uplift considerations . 
follows. 
Uplift considerations 
The rate of uplift at H uon Peninsula has varied spatially as a function of distance along the 
coast. The minimum uplift rates occur in the northwest of the region and increases more 
than 3 m/ka in the southeast. The actual rates of uplift can be estimated from observations 
of reefs whose counterparts in tectonically stable areas have known elevations: 
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1. Most commonly, the elevation of the last interglacial reef is used for the calculation 
of uplift. At tectonically stable continental margins that lie far from the former ice 
sheets, the elevation of the last interglacial-age deposits are around 4±2 m above 
present sea level, depending on the period within the interglacial that the reef formed. 
Uncertainties in the estimation of uplift using this method arise because of uncer-
tainties in the deposition history of the last interglacial deposits. More extensive 
dating of the last interglacial deposits at Huon Peninsula is required to establish the 
appropriate age to use for the calculation of uplift based on these deposits. 
2. During the mid-Holocene, at around 7 ka BP, sea levels at tectonically stable con-
tinental margin sites reached a maximum of 1-2 m above present sea level. The 
Holocene back reef crest is well defined along the H uon coast and can be used for 
this calculation. 
3. The paleo-sea levels and ages associated with interglacial sea-level high-stands prior 
to the last interglacial are generally less well constrained. ( Gallup et al., 2002; Stir-
ling et al., 2002). Estimates can also be made based on correlation with other proxy 
indicators of ice volu1ne such as 518 0 records, which suggest sea levels during major 
interstadials were similar to present. However, because of the large uncertainties 
with this approach, it will not be considered further. 
These different approaches determine average uplift rates over different time intervals. If 
the uplift rates estimated by each of these methods are similar, within the uncertainties of 
the calculation, then this suggests that there have been no long-term changes in the uplift 
rates. 
Mean uplift since the last interglacial 
The issues associated with calculating uplift since the last interglacial period at H uon 
Peninsula has been discussed in the previous sections. Uncertainties arise from the uncer-
tainty in the deposition history of the last interglacial reefs deposits. A summary of the 
uplift rate calculations for two transects (Bobongara and K wambu) is given in table 4.8. 
Although the analogy with the construction history of the Holocene reef suggests the back 
reef VIIa should represent growth early during the last interglacial period ("' 128 ka), this 
leads to inconsistent estimates of sea level for the same events at different transects. If 
the VIIa elevation at Bobongara is in error and the uplift at that site was higher than 
estimated here, then this may bring the estimates into better agreement. However, this 
seems unlikely because the back reef elevations are relatively well constrained. For the 
other uplift scenario an age of 119 ka was adopted for the reef VIIb deposit. However, the 
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VIIb barrier may represent an eroded surface at one or all of the sites and its elevation may 
not be appropriate for sea-level calculations. A correction for this ( <10-15 m) would be 
insufficient to bring the Huon estimates into agreement with the Barbados observations. 
Mean Holocene uplift 
The uplift at Huon Peninsula has not been continuous throughout the late Pleistocene. 
Rather, it appears that uplift during the Holocene and MIS 3 occurred as metre-scale 
seismic events with mean amplitudes of rv2-3 m every 1-1.3 ka (Ota et al., 1993; Chappell 
et al., 1996b; Ota and Chappell, 1996). Small regressive features that formed after each 
co-seismic uplift event, in the form of surf benches, intertidal platforms, algal rimmed 
pools and shingle beaches, are cut into the transgressive Holocene reef ( Ota and Chappell, 
1996). Such regressive features are not observed in the older reefs (ie MIS 5), presumably 
because of prolonged exposure to erosion. 
Ota et al. (1993) compared the mean uplift rate over the last glacial cycle (based on 
the estimated age and paleo-sea level of the last interglacial deposit) with uplift estimates 
for the Holocene period based on the age and elevation of the Holocene reef crest. Within 
the uncertainties quoted by Ota et al. (1993), these two uplift rate estimates are the same. 
If a + 2 m Holocene highstand at H uon Peninsula is taken into account (based on isostatic 
considerations, Lambeck et al., 2002c), this reduces the Holocene uplift estimates but the 
two estimates still agree within the uncertainties of the calculations, which are large in 
the case of the Holocene estimates ( table 4.8). 
Estimates of uplift at Huon Peninsula for the Holocene and the last glacial cycle agree, 
within the large uncertainties of the Holocene estimates, but small changes in uplift over 
the longer time period cannot be disproved. Because the sea levels calculated for the 
sub-stage 5a and 5c reefs using the two uplift scenarios are either inconsistent between. the 
different Huon transects (i.e. if tLJc=128 ka), or different from the Barbados estimates 
(i.e. if tL1c=119 ka), this suggests that further consideration of the uplift rate over the 
last glacial cycle is required. 
Additional uncertainties in uplift may arise from (i) the assumed deposition history of 
the last interglacial reef at one· or more transects; or (ii) non~uniform uplift over the last 
glacial cycle at one or more transects. Consider a scenario in which the age of the last 
interglacial deposit, VIIa, is 128 ka (figure 4.4a). A decrease of uplift rate of 15% over the 
last glacial cycle at the two lower uplift transects (K wambu and K wangam) is within the 
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Kwambu 
Time period Elevation ( m) Age (ka) Paleo-sea level (m) Uplift rate (m/ka) 
Holocene 13.2 6.9±0.2 2±1 1.62±0.33 
LIGearly 240 128±2 4±2 1.84±0.04 
LIGtate 227.6 119±2 4±2 1.88±0.04 
Bobongara 
Time period Elevation (m) Age (ka) Paleo-sea level (m) Uplift rate (m/ka) 
Holocene 23 6.9±0.2 2±1 3.04±0.47 
LIGearly 406 128±2 4±2 3.14±0.06 
LIGtate 402 119±2 4±2 3.38±0.06 
Table 4.8: Comparison of uplift estimates for the Holocene and since the last glacial cycle for two 
transects - Kwambu and Bobongara. Uncertainties include the mean co-seismic uplift magnitude 
of 2-3 m (Ota and Chappell, 1996). The paleo-sea level assumed for the last interglacial highstand 
is 4±2 mat 128 ka (or 0±2 m at 119 ka) 
uncertainty range of the Holocene uplift estimate and would raise the sea-level estimates 
at those locations into better agreement with the Bobongara estimates. A change in uplift 
at K wambu and K wangam, but not at Bobongara, is consistent with the suggestion that 
the Huon coast is divided into several tectonic sub-regions with buried faults between the 
northwestern area near Kwambu and the southeastern regions of Hubegong and Bobon-
gara ( Chappell et al., 1996b). 6 Any further discussion of the uplift history of the H uon 
Peninsula terraces requires further comprehensive study into the deposition_history of the 
last interglacial terraces along the Huon coast and is beyond the scope of this investiga-
tion. However, this uncertainty must be kept in mind when using sea-level estimates from 
H uon Peninsula. 
4.3.3 Conclusions 
Emergent coral reef terraces at Huon Peninsula represent reef growth during interstadial 
events of the late Pleistocene. The paleo-sea levels associated with these features can be 
calculated by estimating the age associated with each reef and the uplift experienced by 
each site however reef ages are sometimes uncertain due to inadequate sampling and poor 
sample quality (section 4.3.1 ). Although the high uplift at locations such as Huon Penin-
sula allow a more detailed and complex snap-shot of sea-level history than at tectonically 
stable sites, the sea-level estimates may be less precise. 
6Based on the analysis of the ages and elevations of regressive terraces cut into the Holocene deposits , 
these authors suggest there is a decelerating uplift trend at the northern Kwangam-Kilasaro region during 
the Holocene, compared to the higher uplift locations in the southeast (Bobongara) . 
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Figure 4.6: Composite sea level curve for Huon Peninsula (this section, Lambeck and Chappell, 
2001; Chappell et al., 1996a; Yokoyama et al. 2001c) and the Bonaparte Gulf (Yokoyama et al., 
2000b). The last interglacial period sea level history has been simplified in this model. The Huon 
Peninsula reef nomenclature (VII, VIa, VIb, etc) and the marine isotope stages (6, 5e, 5d, 5c, etc) 
are also shown on this plot. All of the MIS 5 sea levels, with the exception of reef Vb event were 
calculated assuming an age of 128 ka and sea level of 4±2 m for the last interglacial deposit Vlla. 
The sea levels calculated uS1ng the lower uplift rates (based on an age of 128 ka for 
the reef VIIa deposit) are more consistent with the Barbados estimates (figure 4.4a). This 
is the assumption used by Lambeck and Chappell (2001) and so I use their sea level curve 
(figure 4.6) for the _sea level calculations in chapter 6. 7 The Lambeck and Chappell (2001) 
calculations are in good agreement with the sea levels in figure 4.4a, with the exception 
of reef Vb. Lambeck and Chappell appear to have applied a different uplift rate to the 
calculation of sea level for the Vb deposit. The revised sea-level calculation in this chapter 
leads to an difference of rvl0 m (from rv46 to rv37 m below present). For convenience, and 
despite this inconsistency, I use the Lambeck and Chappell (2001) curve for the sea-level 
calculations in chapter 6, allowing for the possibility of revision. Estimates of sea-level 
minima in this curve are based on the stratigraphy of uplifted gravel stream deltas · ( Chap-
pell, 1983) and reef growth mo_dels (Lambeck and Chappell, 2001). · 
7The sea level for the reef Vb feature in the Lambeck and Chappell curve is rvlQ m lower than estimated 
in the calculations in this section. This sea level is revised after closer comparison with other obse:i;vations 
in chapter 6. 
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Both the Huon Peninsula and the new Barbados sea-level records show multiple events 
during MIS 5 (Chappell and Shackleton, 1986; Lambeck and Chappell, 2001; Schellmann 
and Radtke, 2001; and this study) . The agreement of the two records in this respect 
suggests that the multiple features identified at both locations are not the result of dis-
crete tectonic events but rather represent true sub-orbital oscillations in global ice-volume. 
The complexity of the inferred sea-level curve (figure 4.6) is in contrast to early studies 
at these locations which suggested there were only two sea-level high-stands during this 
period corresponding to the sub-stage 5a and 5c events in marine records (Bloom et al., 
1974; Broecker et al., 1968). Further comprehensive dating analysis of the upper Huon 
Peninsula terraces, such as was conducted for the Barbados deposits in this study, is re-
quired for the confirming the direct correspondence of the features at these two locations . 
The remaining inconsistencies between the Huon Peninsula and Barbados records will be 
addressed in chapter 6. 
4.4 Complexity of glaciation 
A more complex view of MIS 5 sea-level change is emerging from the coral records at 
Barbados (this study; Schellmann and Radtke, 2001) and at Huon Peninsula (Lambeck 
and Chappell, 2001). In the following sections, I compare the MIS 5 sea-level records with 
other proxy climate records and discuss the interpretation of these in the context of the 
factors controlling climate change during this period. 
4.4.1 Comparison of MIS 5 sea-level record with 518 0 records 
The oxygen isotope composition of the ocean (5 18 0water )8 reflects global variations in ice 
volume. During glacial periods, the oceans become enriched in 18 0 (increase 518 0 ) as the 
lighter 16 0 is evaporated preferentially and precipitated to form ice sheets. The ident ifi-
cation of interstadial (low 518 0 and low ice volume) and stadial (high 518 0 and high ice 
volume) in oxygen isotope records of deep sea cores forms the basis of the marine isotope 
stage nomenclature (Imbrie et al. 1984; Martinson et al., 1987). 
The ox gen isotope signal recorded in the carbonate tests of foraminifera not only reflects 
the ocean water 518 0 but also temperature changes of the water in which t hey are precip-
itated. This complicates the interpretation of global ice volume from these records. Deep 
water is expected to experience less temperature variability and so benthic foraminifera 
are often used in preference to their shallower plank.tonic counterparts. However , compar-
ison of independent sea-level estimates with individual and stacked bent hic records show 
8()180 _ (1 8 0 / 1 6 0 )wo ter 1 
w ater - ( lBQ j l60 )sMOW -
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that these records may still contain significant temperature effects (figure 4.7). Sea surface 
temperature in the Western Pacific warm pool is not expected to have changed signifi-
cantly over the course of a glacial cycle, so planktonic 818 0 should only reflect changes in 
the 8180 of the water (Shackleton, 1987; Linsley, 1996). However the planktonic record 
may not only reflect global ice volume variability but also millennial scale oceanographic 
changes in the Western Pacific warm pool. Indeed, the Sulu Sea record (Linsley, 1996) 
shows a glacial to interglacial change in ocean water 8180 of 1.4%0, which is larger than 
the range for the global ocean suggested by studies of pore water in deep sea sediments 
( < 1 %0, Schrag and DePaolo, 1993; Schrag et al., 2002). 
High frequency variations in 818 0 may not be recorded in low sedimentation rate envi-
ronments, or the signal can be smoothed out bioturbation. Furthermore, the uncertain-
ties introduced by variations in sedimentation rate within a single core make assigning 
an accurate time-scale difficult. In order to minimise these types of uncertainties com-
mon to individual records, they are often stacked, or averaged together (Imbrie et al., 
1984; Martinson et al., 1987; Prell et al., 1986). The purpose of stacking is to enhance 
major variations in global ice volume that are common to the individual records, while 
smoothing out the 'noise' of individual cores. Generally, events that are common to each 
isotopic record are correlated graphically (Prell et al., 1986). Assigning a time-scale to 
these records is based on (i) the independently constrained timing of major events (U-
Th dating of sea-level high-stands, or the timing of magnetic reversal events) and/or (ii) 
tuning to insolation variations. Small or rapid events may not be recorded in · all the 
818 0 records, consequently they may not be recognised as distinct features and omitted 
from the graphical correlation procedure. This is evident in the Imbrie et al. (1984) 
stacked record where only two broad events corresponding _to sub-stages 5a and 5c have 
been identified, whereas the high resolution Sulu Sea core (Linsley, 1996) records multiple 
oscillations in 818 0 during these interstadials that are superimposed on the broader signal. 
A comparison of the peak sea levels calculated at Barbados ( this study) and those esti-
mated at Huon Peninsula (Lambeck and Chappell, 2001) is shown in figure 4.7. The 818 0 
records have been scaled to a sea level of -135 mat the last glacial maximum (Yokqyama 
et al., 2000b ). No other scaling or temperature adjustments have been applied. The in-
dependent sea-level estimates at Barbados are consistently rv20 m higher than predicted 
by the 818 0 records9 (with the exception of the sub-stage 5a Sulu sea record from Linsley, 
9 Isostatic corrections have not been made to the sea level observations for this comparison (see chapters 
5 and 6) but this adjustment would be less than 10 m at these sites. 
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Figure 4. 7: Comparison of relative sea-level observat ions at Barbados with stacked benthic 
foraminiferal 018 0 record (Imbrie et al. 1984, Martinson et al. , 1987) and the single core Sulu Sea 
record (Linsley et al. , 1996). The 018 0 records are linearly scaled for ice-equivalent sea level at the 
last glacial maximum ( ,.__, 135 m , Yokoyama 2000b) and are uncorrected for temperature. Benthic 
018 0 records often underestimate sea-level during glacial periods due to t he temperature effects . 
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1996). This implies that water temperatures during these interstadials were lower than 
at present. This temperature effect appears to be even more significant for the MIS 6 event. 
A more detailed comparison of the 818 0 records and the calculated sea levels is shown in 
figure 4. 7b. This illustrates that the combined sea-level record inferred from the Barbados 
and Huon Peninsula terraces is significantly more complex than the stacked records of 
Imbrie et al. (1984) and Martinson et al. (1987). The high resolution Sulu Sea record 
(Linsley et al., 1996) contains more complexity during sub-stages 5a and 5c than the other 
818 0 records and appe-ars to contain oscillations similar to those identified in the indepen-
dent sea-level records at Barbados and Huon Peninsula. This comparison suggests that 
global ice volume variations during sub-stages 5a and 5c were made up of two components: 
(i) large scale oscillations in ice volume that are consistent with an orbital forcing time-
scale (see below) and (ii) and a rapid sea-level oscillations superimposed on the broader 
signal. 
4.4.2 Comparison of MIS 5 sea-level record with insolation forcing pre-dictions 
· , 
Comparison of the timing of sea level and insolation excursions during the late Pleis-
tocene is a crucial test of the Milankovitch insolation-forcing model. Milankovitch (1941) 
postulated that global ice volume and climate are dependent on orbitally-driven changes 
in seasonal solar insolation received at high northern latitudes. The dominant periods 
of variability in the insolation calculations are at around 19-23 ka (precession), rv4l ka 
(obliquity), and rvl00 ka (eccentricity) (Berger, 1978; Berger and Loutre, 1993). Although 
each of these main periods is also evident in records of climate variability such as stacked 
818 0 records (Hays et al., 1976), there are many inconsistencies in the phase and ampli-
tude of the variations. In particular, ice volume variability during the late Quaternary is 
dominated by a 100 ka cycle, whereas this is only a weak component of the insolation fc_:>rc-
ing function (Imbrie et al., 1993). This indicates that there are significant non-linearities 
in the climate's response to insolation forcing. In order to establish a mechanism for this 
non-linear response, researchers have examined (i) ice sheet dynamics and energy balance 
considerations · (Weertman, 1976; Birchfield, 1977; Imbrie and Imbrie, 1980); (ii) multiple 
state models (Paillard, 1998; Manabe and Stouffer, 1988); (iii) changes in the inclination 
of the Earth's orbit (Muller and MacDonald, 1995); and (iv) the importance of seasonal 
and latitudinal gradients in insolation (Johnson, 1991; Schaffer et al, 1996). However, 
none of these models have yet been able to explain all of the observed characteristics in 
climate variability. 
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During the last deglaciation, global sea level reached modern values after the 65° summer 
insolation maximum. However, the sea-level rise during the penultimate deglaciation ap-
pears to have preceded the associated insolation rise (Esat et al., 1999; Stein et al., 1993; 
Gallup et al., 2002). Continental records and oceanic 518 0 also support a penultimate 
deglaciation climate shift prior to the insolation rise (Winograd et al., 1992; Henderson 
et al., 2000). Despite the uncertainties in constraining the precise timing of earlier in-
terglacials (MIS 7 and 9), their occurrences generally correspond to the timing of 65° 
summer insolation maxima (Stirling et al., 2001; Bard et al., 2002; Robinson et al., 2002). 
518 0 records point towards large scale oscillations in ice volume which occur with a peri-
odicity that it consistent with insolation forcing. However, the combined sea-level record 
from Barbados and Huon Peninsula indicate multiple sub-orbital period sea-level oscilla-
tions during MIS 5. The timing of the 'classic' sub-stage 5a and 5c sea-level high-stands 
at ~84 ka and ~ 101 ka BP, as determined in this study, roughly correspond ( within un-
certainty) to the timing of the 65°N summer insolation maxima in this period at 82 ka 
and 103 ka BP (see figure 4.8). Therefore, these peaks are roughly consistent with the 
predictions of the Milankovitch insolation-forcing model. Despite this, the timing of the 
~77 ka BP sea-level feature identified here at Barbados and the additional events inferred 
from the Huon Peninsula terraces (section 4.3.2) cannot be simply reconciled with inso-
lation forcing. The MIS 6 event at ~ 168±5 ka BP lags the associated insolation peak by 
~5 ka but is consistent with insolation forcing, within the uncertainties of the dating. 
The two Barbados sub-stage 5a features at ~84 ka and ~77 ka BP are both associated 
with a single insolation maximum at ~82 ka BP. If these two features represent only minor 
oscillations superimposed on a broad sea-level high-stand then this implies the duration 
of this broad event is at least 7 ka, which is comparable to the duration of the main pe-
riod of last interglacial reef growth identified at Western Australia (Stirling et al., 1998). 
Further investigation of the magnitude of the fall in sea level between these two events at 
Barbados possibly by drilling into the reefs, is required. 
4.4.3 Sub-orbital period climate variability 
Although the main frequencies observed in Pleistocene proxy climate records (such as 
518 0) are largely consistent with an insolation forcing model, many other records point 
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Figure 4.8: · Comparison of Barbados sea-level observations with summer 65°N insolation. 
towards sub-orbital climate variability during the last glacial cycle. Climate records from 
around the world, but particularly in the North Atlantic region contain periodicities of 
1-2 ka and 5-10 ka during MIS 3 and the last deglaciation (Broecker and Hemming, 2001). 
Rapid changes in climate conditions during these times occurred on decade to century time-
scales. Recent studies of MIS 5 sea level (this study) and North Atlantic climate (McManus 
et al., 1994; Chapman and Shackleton, 1999) now reveal comparable complexity. The 
mechanisms responsible for these rapid variations have not yet been clearly established, 
however a comparison of these records with the sea-level observations presented earlier in 
this chapter provide some hints on the processes of insolation, atmosphere, ocean and ice 
sheet interaction during these periods. 
Marine isotope stage 3 and major deglaciations 
Two main frequencies of variability are evident in the MIS 3 Greenland 518 0 temperature 
records (figure 4.9). Rapid millennial-scale oscillations known as Dansgaard-Oeschger (D-
O) cycles are modulated by longer period (5-10 ka) Bond cycles (Dansgaard et al. ; 1993; 
Bond et al. , 1993). Gradual cooling over a Bond cycle culminates in ari extreme D-0 
cold period, which is then followed by a rapid warming (figure 4.10). The coldest part of 
the Bond cycles are correlated with episodes of decreased sea surface temperature (SST) 
in the North Atlantic inferred from increase in the abundance of N. pachyderma (s.) in 
orth Atlantic sediment cores (Bond et al., 1993). Distinctive layers of ice rafted debris 
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Figure 4.9: Greenland ice core 818 0 records, GRIP and GISP2. The rapid D-O oscillations 
can be seen during the later part of the record (stage 3) but not during stage 5. 
(IRD) in the sediment cores are also associated with these extreme events (Heinrich, 1988; 
Bond et al., 1993; Chapman et al., 2000; Bond and Lotti, 1995; see figure 4.11). These 
IRD deposits, known as Heinrich layers, thicken towards the Hudson Bay area of northern 
Canada and predominantly consist of detrital carbonate-enriched material that is charac-
teristic of that region. Heinrich layers also contain smaller amounts of mat~rial from other 
iceberg source areas around the North Atlantic (Bond and Lotti, 1995). 
The Heinrich layers were deposited rapidly and have been interpreted to represent ice 
rafting during episodic, catastrophic partial decay of the Laurentide Ice Sheet over Hud-
son Bay. MacAyeal (1993a, b) proposed that the sudden collapse of the ice sheet may 
have occurred due to a build up of basal heat over the period of a Bond cycle, which 
triggered sliding and surging of ice. One hypothesis is that the influx of freshwater to 
the orth Atlantic triggers an interruption of the thermohaline circulation (THC) and 
reduced orth Atlantic Deep Water ( ADW) formation (MacAyeal, 1993a). In that sce-
nario, there is a reduction of northward heat transport via THC resulting in the discrete 
cold events in the observed orth Atlantic SST and Greenland atmospheric temperature 
records, which correspond to the IRD layers. Accompanying changes in oceanic circulation 
and bottom water conditions during these events are recorded in 513 C variations in the 
same orth Atlantic sediment cores (Chapman and Shackleton, 1998). Sub-orbital period 
sea-level oscillations during MIS 3 have been constrained from the uplifted coral terraces 
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Figure 4. 10: Schematic representation of Dansgaard-Oeschger cycles and Bond cycles (mod-
ified from Alley, 1998) . Millennial-scale temperature variations (D-0 cycles) are observed in the 
Greenland ice core 618 0 records. Average temperatures fall over several of these D-0 cycles as ice 
builds up in the Laurentide ice sheet . The timing of minimum in temperature corresponds to the 
deposition of massive amounts of ice rafted debris (IRD) across the North Atlantic Ocean. This 
IRD is deposited by icebergs released during a partial collapse of the Laurentide ice sheet . 
at Huon Peninsula, PNG (Yokoyama et al., 2001b; Chappell, 2002) and are inferred to be a 
direct consequence of sudden massive ice and melt-water discharge during Heinrich events. 
Smaller, intermediate IRD events, which occur on the shorter D-O period cyclicity, have 
also been identified in the Irminger Basin, the Norwegian Sea (Elliot et al., 1998, 2001) 
and elsewhere in the North Atlantic (Bond and Lotti, 1995). These IRD layers consist of 
material from multiple iceberg source-regions in the North Atlantic. However, the trigger 
of these minor ice-rafting events has not yet been established.· Nor is it clear by what 
mechanism these apparently small ice rafting events are sometimes amplified to appear as 
episodes of strong D-O cooling over Greenland. Elliot et al. (1998) suggest that episodic 
destabilisation of coastal ice sheets such as the Icelandic, Greenland and Fennoscandian 
ice sheets may be the origin ofthese 'D-O' ice rafting events. However, the apparent syn-
chroneity of ice rafting from multiple. source areas recorded in these events has prompted 
some researchers to suggest that an external forcing mechanism, such as an atmosphere-
ocean interaction, triggered the ice sheet destabilisation (Bond and Lotti, 1995) . The 
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Figure 4.11: Correlation of extreme cooling events over Greenland during MIS 3 (from GRIP 
518 0 record) with episodes of enhanced IRD deposition (lithics grains/g) and decreased sea surface 
temperature inferred from N. pachyderma abundance (from Bond and Lotti, 1995). 
external forcing hypothesis is supported by evidence of a 1500 yr periodicity in the North 
Atlantic sediment record during the Holocene, at a time of minimal ice volume (Bond 
et al., 1997). The presence of ice in the North Atlantic region during glacial times may 
simply act to amplify an inherent oscillation in the climate system. In summary, climate 
and ice volume during MIS 3 change with a much higher frequency than predicted by 
insolation forcing and occur at a time of low insolation variability. 
During the last deglacial transition there was a major climate reversal, at rvll.5 ka, known 
as the Younger Dryas (YD) ( figure 4. 9). Oceanic and continental records indicate a strong 
cooling event during the YD which lasted for rv 1 ka (review - Peteet, 1993). The timing 
of the sequence of events during the YD is much better than for the rapid oscillations dur-
ing MIS 3 and is therefore useful for examining the processes associated with such rapid 
climate events. In orth Atlantic Ocean sediment records, the YD period is accompanied 
by a small Heinrich event, HO. Two periods of rapid sea-level rise ( exceeding 40 mm/year, 
Fairbanks, 1989; Bard et al., 1990), known as melt-water pulses lA and lB (mwp-lA,B), 
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bracket the YD period. The source of the rapid rises are not well established. However, 
Clark et al. (2002a) suggest that the Antarctic Ice Sheet made a substantial contribution 
to mwp-lA. During the Younger Dryas period, the rate of global sea level rise is reduced 
(Lambeck et al., 2002a). The last deglaciation and the YD event occur during a period 
of rapid insolation change and may better correspond to the insolation conditions during 
MIS 5, in contrast to the MIS 3 events. Two alternative scenarios that may explain the 
sequence of events surrounding the YD are discussed below: 
1. Perhaps the sea-level nse associated with isolation-induced melt during the last 
deglaciation triggered a destabilisation of North Atlantic coastal ice sheets, leading 
to the HO ice rafting event and subsequent interruption of THC and YD cooling. 
In this scenario, the cold-snap in the North Atlantic region temporarily dominates 
over the effects of rising insolation, hence leading to the reduced rate of sea-level 
rise during that period. This is in contrast to the sequence of events during MIS 3, 
where is it thought that the collapse of the LIS is the source of the sea level rise. 
The process leading to the YD climate oscillation may be different to those leading 
to the D-O cycle and Heinrich events during MIS 3. 
2. Clark et al. (2001) propose a model in which re-routing of melt-water from southern 
drainage through the Mississippi River to eastern drainage through the _St Lawrence 
Gulf is triggered by the retreat of the Laurentide Ice Sheet's southern margin out 
of the Lake Superior basin. It is suggested that melt-water drainage in the Gulf 
of Mexico acts to promote THC whereas a sudden drainage via the eastern route 
may have interrupted the THC. The rapid draining of pro-glacial Lake Agassiz via 
an eastern route may have contributed to the sudden interruption of North Atlantic 
Ocean circulation (Teller et al., 2002). Oscillatory behaviour of the southern Lau-
rentide ice margin, promoted by feedback effects from the resulting climate changes 
in the orth Atlantic would occur when the ice margin was close to the eastern 
drainage outlet, at times of intermediate ice volume. Clark et al. (2001) propose 
that the interruption of the THC produced conditions favourable for readvance of 
the Laurentide Ice Sheet's southern margin hence setting up a feedback loop. In -· 
this scenario, the ice rafting events occur as a consequence of the North Atlantic 
cooling rather than bein.g the trigger. This model provides a mechanism for why 
millennial scale oscillations occur during periods of intermediate ice volume, ie, last 
deglaciation and MIS 3. However, it does not explain the persistence of millennial 
scale variability during periods of low ice volume, such as the Holocene. 
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During MIS 3, insolation variability (65°N summer) was much lower than other periods 
during the last glacial cycle. The role of insolation forcing during the last and penultimate 
deglaciation is unclear. The penultimate deglaciation also appears to have been accom-
panied by a climate reversal, perhaps analogous to the YD. This event is recorded as an 
oscillation in sea level prior to the last interglacial high-stand (Esat et al., 1999; Gallup 
et al., 2002) and is also evident in other proxy climate records around the world (Bar-
Matthews et al., 2000; Chapman and Shackleton, 1998). A Heinrich-like ice rafting event, 
Hll, and accompanying decrease in sea surface temperature occurred during the penul-
timate deglaciation (Chapman and Shackleton, 1998) , however the timing of this event 
relative to the deglacial sea-level change is unclear. Perhaps insolation induced sea-level 
rise, either summer 65°N ( or another insolation index), led to the destabilisation of coastal 
ice sheets, such as discussed in scenario (1) on the previous page, or modulated some kind 
of internal climate oscillation. Without further constraint on the relative timing of these 
events, the mechanism will remain unclear. 
Marine isotope stage 5 
orth Atlantic sediment core records indicate episodic ice rafting events, accompanied by 
reduced SST during MIS 5 (Chapman and Shackleton, 1998; Chapman and Shackleton, 
1999; McManus et al., 1994; Oppo and Lehman, 1995, Oppo et al., 2001). Chapman and 
Shackleton (1999) use a correlation of sediment lightness in core EAP18K with GISP2 
018 0 variations to show that these events also correlate with cold episodes o__yer Greenland. 
These MIS 5 events occur with a similar periodicity but are smaller in magnitude than 
the Heinrich events of MIS 3. The composition of the MIS 5 IRD material includes detri-
tal carbonate, haematite-stained quartz and dark basaltic glass, which indicate multiple 
iceberg source regions (Chaprrian and Shackleton, 1999; Bond and Lotti, 1995). Records 
of MIS 5 sub-orbital climate variability are seen well into the sub-tropical orth Atlantic 
(Oppo et al., 2001). The more intense IRD events (C21 and C24) penetrate further south 
and east than the smaller ones (C19, C20, C22, C23 and C25) (figure 4.12f, labels by 
Chapman and Shackleton, 1999). Oppo et al. (2001) also identified shorter period vari-
ability (1-4 ka) during MIS 5 in a western subtropical Atlantic planktonic 018 0 record 
(site 1059). However, this D-0 periodicity signal is not a dominant feature in the IRD 
and Greenland 018 0 records. Similarly, small-magnitude, short-period oscillations ( f"',..J 1500 
years) are evident in some Holocene records, a time of minimal ice volume (Bond et al., 
1997). 
The differences between the MIS 3 and MIS 5 records may be attributed to the dif-
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ferent distribution of ice during those two periods. Global ice volume during MIS 5 was 
generally smaller than MIS 3 and coastal ice sheets surrounding the North Atlantic may 
have been less extensive during the earlier period and therefore less susceptible to collapse. 
The spatial distribution of ice in the Laurentide Ice Sheet during MIS 5 and MIS 3 and 
the last deglaciation was very different (Clark et al., 1993; also see discussion in chap-
ter 6). Clark et al. (1993) suggest that ice was more extensive in the north of the North 
American continent than at later times during the glacial cycle. The southern margin 
remained north of the St Lawrence Low lands for much of MIS 5 and so the ice may not 
have reached far enough south to trigger changes in the southern/eastern drainage routes 
via the mechanism proposed by Clark et al. (1998) to explain the millennial scale inter-
ruptions to the THC during the last deglaciation and perhaps MIS 3. The fact that the 
composition of the MIS 5 IRD events is not predominantly Hudson Bay material is con-
sistent with other observations that suggest the Laurentide Ice Sheet contained a smaller 
proportion of the global ice volume during MIS 5 than during MIS 3 or the LGM (Clark 
et al., 1993; Kleman et al., 2002; and the conclusions of chapter 6). Therefore, the Lau-
rentide ice sheet may not have been susceptible to 'Heinrich-event' catastrophic collapse 
at that time. Svendsen et al. (1999) suggest that the ice cover over Arctic Russia, and 
into the Kara Sea, was much more extensive during the early period of MIS 5. Perhaps in-
stability of this ice sheet is responsible for some of the MIS 5 sub-orbital climate variability. 
The sub-stage 5a and 5c sub-orbital period sea-level excursions that have been identi-
fied at Barbados and Huon Peninsula and appear to be superimposed on the broad a180 
signal cannot be explained by simple insolation forcing. Because of these time-scale un-
certainties, linking variations in these records with the timing of sea-level excursions is 
difficult. 10 Ho ever the number of sea-level events discussed in this chapter may be 
linked to t he discrete events seen in the Greenland ice core and orth Atlantic sediment 
records during MIS 5 (figure 4.12). 
How are the ITS 5 sea-level excursions related to climatic events in the orth Atlantic? 
Tv\ o speculati e scenarios that link MIS 5 sea-level oscillations to the _ orth Atlantic 
clima e systerp. are explored below: 
1. In he first hypothetical scenario, internal ice sheet instability and collapse leads 
to a rise in sea le el which is similar to the mechanism proposed for the Heinrich 
10The time-scales of the Greenland ice core during MIS 5 are based on ice dynamical models and 
correlation with the marine oxygen isotope records ( eese et al., 1994; Bender et al. , 1994) so absolute 
ages ma be uncer ain by up to se eral thousand years (see differences in the GISP2 and GRIP records in figure 4.9). MIS 5 e ents in the orth Atlantic sediment cores cannot be dated directly but can be tied to 
the GI P2 record (Chapman and Shackleton 1999). 
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Figure 4 .12: Comparison of timing of sea-level oscillations identified at Barbados (circles) and 
other locations (dashed curves) with a) 65°N summer insolation (Berger and Loutre, 1991); b) 
Composite Barbados and Huon Peninsula sea level record. The sea levels in the solid curves are 
the estimates of Barbados sea level from the present study and the dashed curves are the Huon 
Peninsula estimates of intermediate sea level events not identified at Barbados; c) GISP2 618 0 
record (Grootes et al., 1993; Grootes and Stuiver , 1997) plotted on ice core timescale (Bender 
et al., 1994); d) V29-191 N. pachyderma (s.) abundance - high values indicate low SST (from 
McManus et al., 1994); e) V29-191 IRD % - ratio of total coarse particles to bulk sediment weight 
(from McManus et al., 1994). Time scales of V29-191 records are approximate, but can be directly 
correlated with the NEAP18K record in panel (f); f) NEAP18K IRD %, time-scale tied to GISP2 
using sediment core lightness (from Chapman and Shackleton, 1999). 
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events (MacAyeal, 1993a, b). In this scenario, a period of sea-level rise (T1-T2 , 
in figure 4.13) corresponds to the timing of IRD deposition and subsequent North 
Atlantic cooling. After the reduction of ice and freshwater influx, the subsequent 
restart of the THC results in a renewed moisture source for the build-up of ice 
(T2-T3). The process of ice sheet destabilisation and subsequent ice growth is then 
repeated (T3-T4-T5). The composition of the MIS 5 IRD deposits indicates that the 
large-scale collapse of the LIS was not necessarily the dominant source of sea-level 
rise during MIS 5. The source may lie with other ice sheets in the region, such Arctic 
Russia, where ice cover was more extensive during the early part of the glacial cycle. 
2. Alternatively, insolation-induced melt associated with the 65°N or another insolation 
index may have been the cause of the initial sea-level rise (T1-T2 ). In this scenario 
sea-level rise triggers the destabilisation of coastal ice sheets and the associated ice-
rafting events. In this case, the IRD event and associated THC interruption and 
I orth Atlantic cooling coincide with the peak sea level (T2). The cold snap in the 
orth Atlantic prevents further melting. Renewed moisture transport accompanies 
the restart of the THC leading to a sea level fall (T2-T3) as ice sheets began to 
grow, before insolation again dominates (T3-T 4). This mechanism is similar to that 
discussed earlier for the YD climate reversal and associated pause in sea-level rise. 
This scenario cannot explain the early sub-stage 5a sea-level rise at /"V91 ka BP or the 
additional sea-level oscillation at /"V71 ka, both of which occurred during at times 
of low insolation (figure 4.12). It is most likely that a combination of insolation-
induced melt and ice sheet destablisation ( either internally or externally forced) is 
responsible for the observed sea-level record. 
Conclusion 
Broad variations in ice volume during the Pleistocene, inferred from stacked a18 0 records 
appear to correspond to the dominant frequencies of insolation variability. During sub-
stages 5a and 5c only two sea level high-stands would be expected based on the insolation 
forcing model. In contrast, at least five sea level events during this period have been 
recorded at H uon Peninsula although the timing of these has not been well constrained. 
Three distinct periods of reef growth during sub-stages 5a and 5c have been constrained 
b -Th dating at Barbados ( this study). These include the 'classic sub-stage 5a and 
5c sea-level high-stands at 84 ka and 101 ka BP which roughly correspond to insolation 
maxima, and a secondary sub-stage 5a feature at /"V77 ka. These additional sub-orbital 
period sea-le el variations appear to be superimposed on an orbitally-forced signal. 
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Figure 4.13: Schematic representation of multiple sea-level oscillations during sub-stage 5a. 
Referred to in text. 
There appears to be a correspondence between MIS 5 sea-level oscillations and climate 
events in the orth Atlantic, however the relative timing of these is yet to be established. 
The dominant periodicity of oscillations in the orth Atlantic during MIS 5 is "'5-10 ka 
and is similar to the Bond cycles ( and Heinrich events) of MIS 3. However there are some 
important differences in the records from these two periods which suggests that ice volume 
and distribution during MIS 5 was significantly different to MIS 3. This is supported by 
independent observations of ice distribution for those periods (Clark et al., 1993; Svendsen 
et al., 1999). The composition of these MIS 5 IRD layers, and their smaller size, suggests 
the LIS was not the dominant contributor to instabilities during that period. This is 
consistent with estimates of Laurentide ice volume and global ice distribution during that 
period ( Clark et al., 1993; and chapter 6). In conclusion, it appears that the ice volume 
and climate variability during MIS 5 reflect interplay between insolation forcing and orth 
Atlantic climate instability. 
4.5 Stage 5a sea level in the Caribbean region 
Based on the measurements in this study, sea level at Barbados during sub-stage 5a 
reached a peak of -19±4 m. However , estimates of sub-stage 5a sea level from other 
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locations throughout the rest of the Caribbean and surrounding region vary by over 20 m, 
which is well outside the uncertainties of these individual estimates. In this section, I will 
review the observations of stage 5a (and 5c) relative sea-level observations for this region. 
Later, in chapter 6, I will demonstrate that these seemingly conflicting observations can 
be reconciled by taking into account the effects of glacio-hydro-isostatic deformation of 
the earth in this region in response to the growth and decay of the Laurentide Ice Sheet. 
4.5.1 Haiti 
Dodge et al. (1983) identified a series of uplifted coral terraces of late Pleistocene age on 
the Northwest Peninsula of Haiti, reaching an elevation of over 600 m. Most show well 
defined Acropora palmata reef crest facies but the older terraces are extensively weathered 
and most are unsuitable for dating (Mann et al., 1995). Regardless, Dodge et al. (1983) 
used U-Th dating methods to define the approximate ages of the three lowest main reefs. 
The last interglacial formation, analogous to the "1 st High Cliff" at Barbados, reaches a 
height of 52 m above sea level and was found to have an age of 130±6 ka. The two lower 
reefs, at heights of 28 and 16 m, were dated at 108±5 and 81±3 ka (sub-stage 5c and 5a) 
respectively. The paleo-sea level calculated for the stage 5c and 5a high-stands at Haiti 
using the ages determined in the present study are -10±3 m and -12±3 m, assuming an 
age of 125±5 ka for the last interglacial reef and a sea level of 4±2 for the last interglacial 
high-stand (as in section 4.3). Neither Dodge et al. (1983) or Mann et al. (1995) note 
any further complexity in the structure of the MIS 5 reef deposits at this site. 
4.5.2 Bahamas 
At several sites on north Eleuthera, Hearty and Kaufmann (2000) report skeletal eolianites 
. . 
of 5a age overlying well developed oolites ( of stage 5e age) . These two distinct deposits 
are separated by a moderately developed paleosol and karst surface. The age distinc~ion 
between these two units has been established using amino acid racemization techniques. 
This is not a precise dating technique, but these results suggest a distinct separation in 
the time of deposition consistent with the rv40 ka separation between the stage 5e and 5a 
sea-level high..:stands. Hearty and Kaufmann (2000) suggest that the younger eolinite de-
posits are the result of a sea-level high-stand of between -5 and Om at that time. Kindler 
and Hearty (1996) and Hearty·· and Kindler (1993) also describe morphologically similar 
deposits on the islands of Abaco, Bimini and San Salvador. In some locations the stage 
5a unit is overlain by an upper paleosol that separates these deposits from the Holocene 
unit. 
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Figure 4.14: Map of the Caribbean area. Sub-stage 5a and 5c sea-level observations for the 
sites marked are discussed in the text and summarised in figure 3.1. 
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Lundberg and Ford (1994) presented the results of U-Th dating of a submerged flow-
stone, DWBAH, collected at a depth of 15 m. This depth estimate was recently revised 
to up to rv8.5 m (Toscano and Lundberg, 1999). The age measurements on either side of 
a growth hiatus of DWBAH suggest that sea level rose to above this level at some time 
between 108 ka and 93 ka but remained below -8.5 m from 93 ka until the Holocene. It 
is not clear whether sub-stage 5c sea level rose above this level during the growth hiatus 
between rv 108 ka BP and rv93 ka BP. Richards et al. (1994) point out that termination of 
speleothem growth can also occur because of regional changes in climate and associated 
changes in groundwater recharge. Indeed, Lundberg and Ford (1994) note that there is 
no evidence of marine overgrowth in that growth hiatus of DWBAH. 
Richards et al. (1994) studied a speleothem recovered from a depth of -18 m in Lu-
cayen Caves, Grand Bahama Island. U-Th ages of sub-samples overlying a growth hiatus 
suggest that this speleothem resumed growth at rv79.4 ka following a prolonged hiatus. 
This observation is consistent with a sub-stage 5a sea-level high-stand at the Bahamas of 
higher than rv-16 m ( after correction for Pleistocene subsidence). However, it contradicts 
the observation at Barbados that sea level at rv77 ka was similar to that at 84 ka BP. 
The 79.4 ka sample analysed by Richards et al. (1994) has a higher 232Th concentra-
tion than other sub-samples of the same speleothem. Elevated 232Th concentrations are 
an indicator of detrital contamination or the initial incorporation of thorium, which is 
expected t o increase the apparent age of a sample, depending on the isotopic content of 
the contaminating material. 11 The 79.4 ka sample has a 230Th/232Th of rvl90, which 
1s ithin the generally acceptable limits. However, if the contaminating material has a 
high 230Th/232Th such as marine carbonate, this would increase the apparent age of the 
sample without producing an elevated 232Th concentration. Alternatively, the speleothem 
anal sed by Richards et al. (1994) may not have been collected from growth position (as 
as the case for DWB H; Lundberg and Ford, 1994; Toscano and Lundberg, 1999). 
4.5.3 Florida 
Sub-s age 5a age deposits ha e been identified as submerged re€fs 10-12 m-below present 
sea le el off the south-east Florida Keys (Toscano and Lundberg 1999; Ludwig et al. , 
11 Following he same arguments as is used for the dating of coral samples, speleothems are assumed 
to have negligible thorium content at the time of formation. A low 230Th/232 Th ratio indicates that the 
sample con ains extraneous 232Th and corresponding excess 230Th. Generally, samples with a 230Th/232 Th 
ac 1vi ra io higher than 100 are considered reliable ho ever this criterion is highly dependent on the isotopic composition of he contaminant which may vary. 
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1996). Drilling of these reefs and subsequent U-Th TIMS dating reveal a thick deposit 
corresponding to the classic stage 5a sea-level maximum which is overlain by Holocene-age 
corals. The ages measured for the deposit range between 81-86 ka (Ludwig et al., 1996) 
and 81-83 (Toscano and Lundberg, 1999). Taking into the minimum growth depth of the 
M ontastrea sp. samples that were analysed and possible submergence of this site, these 
authors conclude that sea level was no lower than 6-10 m below present during stage 5a. 
Several ages of between rv9l-95 ka were measured for corals lying beneath the sub-stage 
5a deposit (Toscano and Lundberg, 1999). It is possible that these corals were deposited 
during an older sea-level transgression prior to the main stage 5a high-stand. This older 
deposit may correspond to the reef V&main at Huon Peninsula. 
4.5.4 Bermuda 
Sub-stage 5a age deposits at Bermuda have been the focus of controversy for some years, 
with estimates of stage 5a sea level ranging between <-15 m and + 1 m. Harmon et al. 
(1983) present results of U-Th dating of submerged speleothems collected from a depth of 
-15 m. Their results suggest that the speleothem grew continuously between 111±9 ka and 
10 ka BP, which restricts the sea-level high-stand during stage 5a to below -15 m. This 
observation is inconsistent with the well constrained -6 to -10 estimate at Florida (with or 
without isostatic considerations, see chapter 6). The upper age limit is based on a single 
a-spectrometry age measurement ( typical sample size of 50-l00g). The 2~_GTh/232Th ac-
tivity ratio is quoted as '>200', which is within acceptable limits. However, depending on 
the isotopic composition of any contaminating material ( the sample was taken from near a 
growth boundary or hiatus) this apparent age could be higher than the true age. Again, if 
the contaminating material has a high 230Th/232Th ratio, such as older marine carbonate, 
the age could be affected without changing the 232Th concentration. Another speleothem 
studied by Harmon et al. (1983) at a depth of 3 m suggests that it grew continuously from 
rv97 ka to after rv68 ka BP, but this constraint may also subject to the same uncertainties 
as discussed above. 
U-Th dating of coral deposits at Fort St Catherine, Bermuda (Ludwig et al. 1996; Muhs 
et al., 2002) give a range of ages (78-84 ka) which correspond to the timing of sub-stage 5a. 
Harmon et al. (1978, 1983) and Toscano and Lundberg (1999) attribute deposits of this 
age to storm (wave) deposition. Indeed, these corals do not seem to be in growth position 
(Muhs et al., 2002). However, the deposit does not appear to contain samples of any other 
age which suggest that they are probably part of a cobble unit associated with the stage 5a 
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high-stand at that time. This conclusion is supported by a detailed stratigraphic study of 
a number of sites on the Bermuda coast by Vacher and Hearty (1989). Vacher and Hearty 
identified a number of locations where the stage 5e age deposits ( "Devonshire Forma-
tion") are overlain by younger eolianites and some marine deposits. Aminostratigraphy of 
these younger deposits suggest a correlation with a stage 5a high-stand. Some of the sites 
are part of reasonably protected shorelines which suggests that they are not the result of 
storm deposits as argued by Harmon et al. (1978, 1983) and Toscano and Lundberg (1999). 
At this stage, there is · no reasonable explanation for the discrepancy of estimates of stage 
5a sea level at Bermuda between the submerged speleothem (Harmon et al., 1983) and 
eolinite and marine deposits (Vacher and Hearty, 1989; Ludwig et al., 1996; and Muhs 
et al., 2002). However, the constraint placed on the maximum sub-stage 5a sea level by 
Harmon et al. (1983) is based on two ages, which may be susceptible dating uncertainties. 
It would be useful to have more age measurements in those speleothem samples to check 
for stratigraphic consistency on shorter timescales. 
Vollbrecht (1990) dated coraliferous deposits from submerged ridges off the Bermuda coast 
at a depth of -12 to -18 m. The ages, which range between rv94 ka and rvll4 ka indicate 
deposition during sub-stage 5c. 
4.5.5 US East Coast 
Cronin et al. (1981) and Szabo (1985) investigated several marine fossil deposits above 
present sea level on the south-east US Coast which contain isolated corals in 'sediments 
of a detrital character'. At Charleston, South Carolina, the marine unit consists of shelly, 
clayey sand with faunal assemblages similar to that in regional modern coastal waters 
and reaches an elevation of 3-10 m above present sea level. The average U-Th age of 
7 coral samples collected from this deposit is 89 ka (or 87±4 ka if corrected for detrital 
contamination), and is probably associated with the stage 5a sea-level high-stand. At 
orfolk, Virginia the marine deposif reaches an elevation of 4-10 m above present sea level 
and contains fossils that are also consistent with modern faunal assemblages. The· mean 
age of 9 samples is 71±5 ka, which suggests this deposit corresponds to the timing of the 
secondary stage 5a feature identified at Barbados in this study. The reliability of this 
age is supported by concordant 231 Pa ages measurements for the three of these samples 
(Szabo, 1985). More recent age analyses for these and other deposits along the US East 
Coast range between 72 and 84 ka (J. Wehmiller, pers. comm.). 
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Figure 4 .15: Summary of observations of stage 5a relative sea level in the Caribbean and 
surrounding region. Estimates based on dated coral reefs, submerged speleothems, coral rubble 
units and undated or amino acid racemisation dated stratigraphic units. US East Coast - Szabo 
(1985), Cronin et al. (1981); Bermuda - Harmon et al. (1978, 1983), Ludwig et al. (1996), Muhs 
et al. (2002), Vacher and Hearty (1989), Hearty and Vacher (1994); Bahamas - Lundberg and 
Ford (1994), Toscano and Lundberg (1999), Richards et al. (1994), Hearty and Kaufman (2000), 
Hearty and Kindler (1995), Kindler and Hearty (1996); Florida - Ludwig et al. (1996), Toscano 
and Lundberg (1999), Haiti - Dodge et al. (1983), Mann et al. (1995); Barbados - this study. The 
observation of sub-stage 5a sea level below -15 m at Bermuda is uncertain because of single age 
measurement used to constrain this .constraint (see text for details). The observation at orfolk, 
Virginia has an age of 71±5 ka and so may not correspond directly to the 'classic' sub-stage 5a 
peak. 
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Other time periods 
MIS 3 
CHAPTER 4. RELATIVE SEA-LEVEL CHANGE 
In the Caribbean region, the maximum height reached by MIS 3 sea level has been the 
focus of controversy since the late 1960s. On the US Atlantic coast, marine deposits 
near present sea level were identified by early studies as representing a MIS 3 highstand 
using 14C dating (Blackwelder et al., 1979; Milliman and Emery, 1968; and Finkelstein 
and Kearney, 1988). Later studies concluded that the 14C data may be invalid due to 
inadequate pretreating and poor stratigraphic documentation (Thom, 1973). Subsequent 
studies, using U-Th and amino-acid analysis, suggest that the youngest of the emergent 
deposits on this coast are of MIS 5 age (Cronin et al., 1981; Szabo, 1985; Belknap and 
Wehmiller , 1980; J. Wehmiller, pers. comm.). Seismic reflection data has been used to 
identify a submerged barrier at rv20 m below present sea level which overlies a MIS 5 unit. 
Wellner et al. (1993) infer that this barrier represents a MIS 3 sea-level high-stand at rv20 
m below present. 
On the Texas inner continental shelf in the Gulf of Mexico, evidence of a submerged 
shoreline at rv20 m below present includes brackish water fossils and remnants of bar-
rier island facies. Based on 14 C dating and stratigraphic considerations, Rodriguez et al. 
(2000) suggests these deposits are of MIS 3 age. Rodriguez et al. (2000) also allow for a 
subsidence rate of 1 mm/yr and infer that sea level may have reached 15 m below present 
during that period. However, this rate of subsidence is substantially greater than the long 
term subsidence rate of 0.01 mm/yr for this region inferred from the elevation of exposed 
last interglacial deposits (Paine, 1993). Therefore, if these deposits are of MIS 3 age, the 
sea level at t hat time was around rv20 m below present. These estimates contrast with 
t he sea-level calculations for MIS 3 events at H uon Peninsula which reach no highe_r than 
40 m below present (see figure 4.6). 
Sub-stage Se - the last interglacial period 
In cont rast to t he sub-stage 5a and MIS 3 events discussed above, for which estimates 
of sea level vary across the Carib bean region, the maximum height reached during last 
interglacial does not vary significantly. At Bermuda, sea level rose to rv5±1 m above the 
present level based on t he elevation of patch reefs and marine calcarenites (Harmon et al. , 
1983) and other stratigraphic consideration and amino acid racemisation dating (Hearty 
and Vacher , 1994) . At Florida, the Key Largo formation records a last interglacial sea-
level highstand at rv5-6 m above present (Fruijtier et al. , 2000). At the southern Bahama 
island of Great Inagua and San Salvador, Chen et al. (1991) suggest sea level rose to 
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rv4 m above present. This estimate is supported by other stratigraphic studies across 
the Bahamas (Hearty, 1998; Hearty and Kaufmann, 2000). The difference between the 
trends observed in the sub-stage 5a Caribbean deposits and the 5e evidence is addressed 
in chapter 6. 
4.5.6 Summary 
Figure 4.15 summarises the estimates of sub-stage 5a relative sea level throughout the 
Caribbean region. It is apparent that there is a gradient in sea-level estimates from the 
southern (Barbados) to the northern Caribbean (Bermuda, US East Coast) whereas sub-
stage 5e sea levels do not vary significantly across the region. In chapter 5, I introduce 
the concepts of glacio-hydro-isostasy and in chapter 6, I apply these concepts in an inves-
tigation of MIS 5 sea level in the Caribbean region. 
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Part II 
G lacio-Hydro-Isostasy 
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Chapter 5 
Princi pies of 
G lacio-Hydro-Isostasy 
5.1 Introduction 
The rise in sea level associated with melting a volume of ice is not uniform across the 
oceans. Instead, local sea-level change reflects the superposition of changes in ice-equivalent 
sea level and the effects of glacio-hydro- isostasy through the deformation of the Earth and 
perturbation of the geoid in response to changing ice and water surface loads (Farrell and 
Clark, 1976). The Earth's response to surface loading is dependent on a number of factors 
including the size, distribution and melting history of the ice and water loads as well as 
Earth's rheology. Predicting the magnitude of this isostatic response is crucial for the 
interpretation of observed relative sea-level change. In this chapter, I will review some of 
the principles of glacio-hydro-isostasy and illustrate these using simplified axisymmetric 
earth and ice models. 
5.2 The Earth's response to surface loads 
Observations of the Earth's response to forcing on different time-scales suggest that the 
Earth behaves elastically in the short term and approaches fluid behaviour on longer time-
scales. The timescale for the Earth's response to glacial loading lies between these two 
extremes. It is mathematically convenient to model the Earth as a spherically symmetric 
Maxwell body with a linear viscoelastic rheology (Cathles, 1975; Peltier, 1974). 
The constitutive equation that describes the relationship between stress and strain of 
a material can be solved more easily for an elastic body than for a viscoelastic material. 
However, there is a useful mathematical technique known as the correspondence princi-
ple, that makes solutions to viscoelastic problems achievable. A property of a generalised 
linear viscoelastic constitutive equation is that its Laplace transform takes the form of an 
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elastic constitutive equation, the solution to which is more easily calculated1 . An inverse 
Laplace transform of this 'elastic' solution provides a solution to the original viscoelastic 
problem. 
The response of a linear viscoelastic Earth to changes in surface loading can be described 
in terms of the following six independent variables: 
1. radial and tangential components of deformation (Ur, ve) 
2. radial and tangential components of stress ( Trr, Tre) 
3. perturbation of potential ( 'ljJ) 
4. gradient of potential (gravity perturbation, g) 
Because we are dealing with a linear viscoelastic body, it is convenient to describe the 
surface loads using spherical harmonics. A load, Ln ( of degree n) induces a response RnLn 
and the total response is the sum of the spherical harmonic components: Ln RnLn. Each 
of the variables above can be expressed as a sum of spherical harmonic components with 
spherical harmonic coefficients Un, Vn, Trn, Ten, <Pn, 9n. The equations governing the 
relationship between these variables are given by Longman (1962) and Johnston (1994). 
They form a set of linear differential equations that can be written in Runge-Kutta form 
and solved numerically: 
dyn 
dr 
where Yn (5.1) 
In the Laplace domain, the solutions, Yn, are a function of the Laplace parameter, s. By 
applying boundary conditions at the surface, the core mantle boundary and any internal 
. density discontinuities, the solution can be found for an arbitrary, radially symmetric. in-
ternal structure. 
1The Lame parameters in the Laplace domain elastic solution are dependent on the viscosities, 71(r), of 
the viscoelastic body. 
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To calculate a time dependent response for the viscoelastic Earth, the inverse Laplace 
transform of these solution must be found: 
l 1,+iT y(t) = £-1 (y(s)) = -. lim esty(s)ds 
21ri n----+oo 1 -iT 
(5.2) 
Using complex variable theory, the solution, y(r, t), can be expressed as a linear superpo-
sition of an initial elastic response yE and a summation of exponentially decaying viscous 
terms (Johnston, 1994; Peltier, 1985): 
N 
y(r, t) = yE (r )5(t) + L Rj e8Jt 
j=l 
(5.3) 
The values of s j ( defined as the negative of the inverse relaxation time) and corresponding 
RJ are defined by the poles of the function y( s) in complex space. For a very simple, 
single layer, viscous Earth, the complete set of s j can be analytically determined and the 
coefficients, Rj, calculated. In the Laplace domain, rigidity (µ) is a function of the rigidity 
(µ), viscosity (TJ) and Laplace parameter (s) (Johnston, 1994): 
~ ( ) µs µ s = 
s + µ/TJ 
(5.4) 
and numerical instabilities can occur when -s equals µ/TJ and µ(s) ---+ oo. For a continu-
ously varying viscosity profile, the Sj values cannot be calculated explicitly. To overcome 
this problem, a 'pure collocation' method can be used in which an arbitrary set of Sj val-
ues is chosen to span the range of relaxation times of interest, in this case, the transition 
between elastic and viscous response. 
In the long time (or fluid limit) of the response (s---+ 0), the Laplace domain rigidity 
(µ) approaches the product of the viscosity (TJ) and Laplace parameter (s) (µ ~ TJS). Be-
cause the solution of equation 5.1 is dependent on 1/µ (Johnston, 1994), in the limit of 
small 's' ( or low viscosity), there is an increased risk of numerical instabilities. 
Since the aim of this study is to investigate the response over glacial cycle time-scales, it is 
important to test the stability of the earth model calculation for long time-scale relaxation. 
The stability and accuracy of an earth model calculation is dependent on the complexity 
136 CHAPTER 5. PRINCIPLES OF GLACIO-HYDRO-ISOSTASY 
of its rheological structure and the range and the choice of spacing of collocation points 
( s j). Each earth model used in the calculations of sea level in this study has been tested 
for stability at the long time-scale limit. Figure 5.1 shows some examples of the time 
dependent response of the Earth to a Heaviside load for a number of rheological models 
and collocation point distributions. The calculations shown in figure 5.1 are expressed 
in terms of the deformation Love number spherical harmonic coefficient, hn, which are 
defined below. 
Love numbers 
Love numbers are a normalised and dimensionless representation of the displacement and 
gravitational potential field and are a convenient way of describing the Earth's response 
to forcing (Lambeck, 1988). Love numbers can be expressed in terms of the spherical 
harmonic coefficients determined previously. The deformation Love numbers (hn and ln), 
which describe ,the vertical and tangential deformation respectively, and the gravitational 
Love number (kn) are defined as: 
hn(r) 
ln (r) 
1 + kn(r) 
2n+ 1 
4KaG 
g ( O) ( r) Un ( r) 
g(0)(r)vn(r) 
<Pn(r) 
(5.5) 
where the 1 in the gravitational term describes the gravitational attraction to the load it-
self. In these calculations, the Love numbers are calculated up to degree (n) 256, producing 
a spatial resolution of better than 1 °. 
5.3 Rheological structure of the Earth 
The earth models used in the calculations of isostatic rebound are spherically symmetric, 
compressible Maxwell viscoelastic bodies. The models in this study consist of four layers 
including: (i) an elastic lithosphere of thickness, H; (ii) an upper mantle, with a uniform 
viscosity, TJum, but depth-dependent density and Lame parameters, which extends from 
the base of the lithosphere to the 670 km seismic discontinuity;, (iii) a lower mantle, with 
a viscosity of T/lm, and depth-dependent density and elastic structure, which extends from 
the 670 km discontinuity to the core mantle boundary at a depth of 2891 km; and (iv) ·· 
an inviscid, fluid core. The depth dependence of mantle viscosity may in fact be more 
complex, as indicated by studies of isostatic rebound (Kaufmann and Lambeck, 2002). 
However, the effective viscosities of a two layer mantle are sufficient for the purposes 
of this study. The elastic moduli and density structure are based on the PREM model 
(Dziewonski and Anderson, 1981), derived from seismic studies. 
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Figure 5 .1: Time dependent vertical deformation Love number (hn) for a Heaviside load history 
for three earth model calculations between 10 yr and 108 years (approaching the fluid limit) . The 
reference model ma4A ( top left) ( see later discussion and table 5 .1 for definition of rheology) is 
calculated for collocation points (3 per log decade) ranging from 10-3 to 102 ( corresponding to 
inverse rela,""<ation times of 1 Ma to 10 yr). The resulting earth model is stable in the fluid limit 
(t>l03 yrs in this case). If the upper mantle viscosity is lowered (malA, top right) then the 
numerical solution becomes unstable in the fluid limit for the same collocation point distribution , 
as seen in the second plot for the wavenumbers 30-100. If the range of collocation points for the 
malA model is reduced to between 10-2 to 102 (100 ka to 10 yr) (bottom), the calculation becomes 
more stable and approaches the same fluid limit as the ma4A calculation. 
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Of course, the Earth is more complex than this simple spherically symmetric model. Ob-
servations of elastic wave velocity anomalies and lateral attenuation indicate that there 
are large-scale temperature imhomogeneities within the mantle (Romanowicz, 1998) and 
because viscosity is strongly temperature dependent, we can expect lateral viscosity vari-
ability within the mantle. In addition, the thickness of the lithosphere is known to vary 
between ocean and continental regions. For these reasons, the rheological parameters used 
in this study should only be considered effective parameters, and may not represent the 
true rheology of the Earth. 
In a recent study, Kaufmann and Lambeck (2002) used inverse modelling to define the 
radial viscosity profile of the Earth based on a large data set of near-, intermediate- and 
far-field site observations of relative sea-level change during the last deglaciation. Typi-
cal viscosity profiles are characterised by an increase in viscosity of up to two orders of 
magnitude between the upper and lower mantle. The viscosity of the upper mantle was 
estimated to be 2-l0x 1020 Pa s and that of the lower mantle to be > 1022 Pa s. Kauf-
mann and Lambeck (2002) found that existing sea-level observations could not be used 
to distinguish between a gradual or abrupt increase in viscosity between the upper and 
lower mantle. Their models also suggest that there may be a decrease of viscosity in the 
deep lower mantle. Kaufmann and Lambeck's (2002) generalised model differs from other 
rheological models such as i) Forte and Mitrovica (1996) and Simons and Hager (1997), 
both of which have a lower viscosity in the transition zone between the upper and lower 
mantle and ii) Peltier (1998), which has a significantly lower viscosity in the lower man-
tle and less contrast between the upper and lower mantle viscosities. Fjeldskaar (1994) 
proposed that an Earth with a thin lithosphere ( <50 km) overlying a low viscosity chan-
nel, or asthenosphere (1019 Pa s, 75 km) and single viscosity mantle was consistent with 
observations. However, Lambeck et al. (1996) demonstrated that the observations could 
be reproduced satisfactorily without the need for a low viscosity channel. These studies 
·demonstrate the trade-off between rheological parameters such as lithospheric thickness 
and upper mantle viscosity. 
Based on the calculations of Kaufmann and Lambeck (2002), I consider .a simplified, 3 
layer rheological model with a-wide range of possibie parameter values: an elastic litho-
sphere ( 50-80 km), low viscosity upper mantle (2 x 1020 to 1021 Pa s) and higher viscosity 
lower mantle (1021 to 5 x 1022 Pa s). The model (ma4A), with a lithospheric thickness 
of 65 km, upper mantle viscosity of 4x 1020 Pa s and lower mantle viscosity of 1 x 1022 
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Model HL (km) T/um (Pas) T/lm (Pa s) 
ma4A 65 4x 1020 1 X 1022 
mb4A 50 4x 1020 1 X 1022 
mc4A 80 4x 1020 1 X 1022 
ma2A 65 2 X 1020 1 X 1022 
ma6A 65 6x 1020 1 X 1022 
maAA 65 1 X 1021 1 X 1022 
ma41 65 4x 1020 1 X 1021 
ma45 65 4x 1020 5 X 1021 
ma4E 65 4x 1020 5 X 1022 
Table 5.1: Rheological parameters for the earth models used in this study. Lithosphere, with 
infinite viscosity and thickness HL (km); Upper mantle with effective viscosity of T/um; Lower 
mantle with effective viscosity of T/lm . 
Pa s is found appropriate for most rebound studies and is used in this study for reference 
purposes. Table 5. 1 summarises the rheological parameters for a series of earth models 
used in this study. 
5.4 Sea-level calculations 
The loading of the Earth's surface deforms the planet through flexure of the elastic litho-
sphere and the flow of mantle material from beneath the load to surrounding regions 
(figure 5.2) . The deformation of the surface is greatest under the centre _?f an ice load. 
In the regions beyond the ice sheet margin, displaced mantle material and lithospheric 
flexure produce a 'peripheral bulge' of deformation in the Earth's surface. As the ice sheet 
melts, the surface beneath the load rebounds in response to the reduced surface load, 
causing a redistribution of mantle material and subsidence of the associated peripheral 
bulge. In addition, the water released by the glacial melt increases the water load on the 
oceanic lithosphere and produces a further redistribution of mantle material and results in 
a change in the profile of the ocean floor. In the absence of other effects such as winds and 
currents etc, the ocean surface represents an equipotential surface, or geoid, the shape 
of which is a function of the ice, ocean and solid earth at a given time, including the 
redistribution of mantle material in response to the changing surface ice and water loads. 
Collectively, these effects are termed 'glacio-hydro-isostasy' and an understanding of them 
is crucial to the interpretation of relative sea-level observations. The magnitude and rate 
of the Earth's response to changes in surface loading is dependent on the Earth's rheol-
ogy. The precise nature of the isostatic response at a given site is dependent on the site's 
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Near- and intermediate-field sites Far-field sites 
Figure 5.2: Summary of the Earth's response to glacial unloading including - redistribution 
of mantle material; rebound of lithosphere underneath ice sheet; subsidence of peripheral bulge; 
gravitational attraction of water to ice sheet (see section 5.5 for details) 
proximity to the ice load and continental shelf edge. 
Ice-equivalent sea-level change (.6..(esz(t)) is defined as the ocean averaged change in sea 
level from the change in ice volume (dVi): 
PI l 1 dVI 
.6..(esz(t) = -- A ( ) -d dt PW t o t t (5.6) 
where Ao(t) describes the ocean area as a function of time, VI is the grounded ice volume 
and PI and pw are the· densities of ice and water respectively. 'Ice-equivalent' or ' equiv-
alent sea-level change' is defined in the same way as 'eustatic sea-level change' if no other 
factors contribute to the change in ocean volume, such as thermal expa_nsion. 
Relative sea-level change ( .6..(rsl ( ¢, t)), as a function of time ( t) and · location ( ¢) . can 
be defined as the sum of: 
1. the ocean averaged change in sea level, or equivalent sea-level component (.6..(esz(t)) 
2. an isostatic component, which accounts. for the deformation of the Earth and per-
turbation of the geoid 1n response to the changing ice and water surface loads 
(6.(iso(<P, t)) 
3. any tectonic component, which accounts for tectonic uplift or subsidence of a site 
(6.(tect( ¢, t)) 
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6.(rsl(t, ¢) = 6.(esl(t) + 6.(iso(t, ¢) + 6.(tect(i, ¢) (5 .7) 
The isostatic component, 6.(iso ( t), can be expressed as the sum of the glacio-isostatic and 
hydro-isostatic components: 
6.(iso(</J, t) = 6.(iso,i(¢, t) + 6.(iso,w(¢, t) (5.8) 
The magnitude and rate of change of 6.(iso( ¢, t) in response to a surface load is determined 
by the rheological structure of the Earth. The isostatic contribution to relative sea-level 
change (6.(iso(¢, t)) includes the effect of deformation and the perturbation of the geoid, 
described by the Love numbers, hn and kn ( defined in equation 5.5) which define the ver-
tical deformation and gravitational components of the Earth's response to surface loading. 
The ocean-ice mass is conserved at all times. 
In these calculations, relative sea-level change is defined on land as the change in the 
height difference between the Earth's surface and the geoid. This accounts for both grav-
itational effects and deformation of the Earth's surface and provides a generalisation over 
the rest of the Earth that is consistent with sea-level change and is continuous across 
evolving coastlines. 
The effect of ice loading through time is based on the prescribed ice melting history. The 
water surface loading at a given site is a function of the change in ocean water depth at 
that site which is in turn a function of the change in grounded ice volume ( equation 5.6), 
deformation and gravitationaf changes due to both the ice and water loads. Thus, the 
water loading term is calculated iteratively with an initial estimate of the change in sea 
level equal to the equivalent sea-level term. Successive iterations include the effect of the 
deformation due to the water load and migrating coastlines. Formally, grounded ice that 
is lifted from the sea floor as sea-level rise occurs should be treated as floating ice and 
also included in the term dV 1 ( equation 5.6) in successive iterations of the calculation 
(Lambeck et al. 2002b). However in the version of the program used for relative sea-level 
calculations in this investigation the contribution of floating ice is not included to dV I 
although this effect is not significant for these calculations. 
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5.5 Components of isostasy 
In the absence of tectonic effects, the nature of relative sea-level change at a given site is 
a function of the coupled change in equivalent sea level and the effects of isostasy. The 
rnagnitude of glacio-hydro-isostatic effects varies depending on a site's location relative 
to an ice load and/or continental margin. For sites within the former ice sheet margins 
(interior and near-field sites) the glacio-isostatic rebound of the crust and the gravitational 
influence of the ice sheet dominate the change in relative sea level. For sites far from 
the ice margins (far-field), the glacio-isostatic contribution is smaller and varies more 
gradually with distance. At such locations, the relative sea-level change is dominated by 
a combination of equivalent sea-level change and the hydro-isostatic adjustment of the 
crust in response to the change in water load. In this section I will discuss each of the 
components (gravitational and total ice and water) that contribute to glacio-hydro-isostasy 
and overview how these components vary spatially. 
5.5.1 Gravitational component 
The redistribution of ice and water on the Earth's surface during a glacial cycle leads to 
perturbations in the Earth's gravitational field. A large ice sheet exerts a gravitational 
attraction on the ocean water. For a hypothetical rigid Earth, which experiences no de-
formation in response to changing surface loads this effect produces a gradient in sea level 
between sites near the ice sheet and those further away (see figure 5.3). In this_ rigid model, 
the gravitational attraction of the ice sheet at near- and intermediate-field sites produces 
relative sea levels that are higher than mean sea level. At far-field locations, relative sea 
level is lower than mean sea level because of the extra water attracted towards the ice 
sheet. As the ice sheet melts, the gravitational attraction decreases and the water retreats 
from regions close to the ice sheet. 
Of course, the Earth is not a rigid body and so _ the surface displacement and internal 
redistribution of mantle material also affect the shape of the geoid. This internal mass 
redistribution of material from beneath the ice sheet to intermediate-field regions partly 
counters the effect of the gravitational attraction of the ice sheet. 
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intital sea level 
ice sheet ✓ final sea level 
lithosphere 
~ 
mantle 
Figure 5.3: Rigid Earth gravitational component of sea-level change. An ice sheet mass attracts 
ocean water producing a gradient in sea level. At sites near the ice sheet, sea level is higher than 
mean sea level and at sites far from the ice sheet sea level is lower than mean sea level. This 
gravitational component decreases instantaneously as the ice sheet decays. 
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5.5.2 Ice load component 
The deformation of the Earth's surface under an ice load leads to a redistribution of 
mantle material from directly under the load to regions outside the ice sheet margins. 
The deformation of the surface is greatest directly underneath the centre of the ice load 
and a large ice sheet, such as the Laurentide, can depress the crust by several hundreds of 
metres. 2 The lithospheric flexure and flow of mantle material to the regions surrounding 
the ice sheet produces a 'peripheral bulge' of deformation in the Earth's surface (see 
figure 5.4). When the ice sheet melts, the crust beneath the ice loads rebounds and 
mantle material flows back to the region beneath the former load, and the peripheral 
bulge subsides. At sites directly under an ice sheet, relative sea level is dominated by 
isostatic rebound leading to a fall in relative sea level. The subsidence of the peripheral 
bulge in response to deglaciation produces a component of sea-level rise superimposed on 
the ice-equivalent sea-level rise for those intermediate field sites. A consequence of the 
time-dependent collapse of the peripheral bulge is that the shape of the entire ocean basin 
changes as a function of time. As the bulge subsides, the size of the ocean basin increases, 
introducing a component of sea-level fall at far-field sites (known as -ocean syphoning; 
Mitrovica and Peltier, 1991; Johnston, 1993). 
5.5.3 Water load component 
A rise in equivalent sea level produces increased water loading on the oceanic crust, which 
then subsides relative to the unloaded continental regions. The differential response across 
the continental margin produces a spatially variable component of relative sea-level fall 
that is superimposed on equivalent sea-level rise and continues long after melting ceases 
(figure 5.5). 
2 In the isostatic limit the deformation of the crust (or) is controlled by the height of the load (h1) and 
the relative densities of the ice load (p1) and the mantle (PM), where (p1 / PM ~ 1/3: or= PI/ PMh1 ). For 
a 3 km ice load, the deformation in the isostatic limit would be approximately 1 km. 
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ice sheet final sea level 
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\._ 
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Figure 5.4 : Glacio-isostatic component of sea-level change. The mass of large ice sheet weighs 
down the crust and produces flexure of the elastic lithosphere and redistribution of mantle material. 
This redistribution produces a 'peripheral bulge' of deformation of the Earth's surface. Upon 
melting of the ice sheet, the peripheral bulge collapses and the crust directly beneath the load 
rebounds influencing relative sea-level change in those regions. Changes in the shape of the ocean 
basin due to the collapse of the peripheral bulge also influences sea level at far-field sites. 
----ii>• mantle flow 
Figure 5. 5: H dro-isostatic component of sea-le el change at a far-field continental ite in 
response to a ri e in equi alent sea level. The increased water loading in response to a deglaciation 
(T 1 -T2 ) produce a subsidence of the oceanic crust (Tr T 3 ) and uplift of the unloaded continental 
cru . So a continental site he ini ial rise in equivalent ea le,·el ( a to b) is followed b a fall (b 
to c) after the as he Earth responds to the increased water load. 
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ocean basin 
far-field 
~ continent 
(south) 
Figure 5.6: An axisymmetric Earth, with a parabolic ice sheet on the north continent used for 
the simple calculations in this chapter. An ocean basin between 20° and 117° is equivalent to the 
extent of the ocean basin on a realistic Earth ( rv70% of total surface area). 
5.6 Spatial and temporal variations 
In the following sections, I demonstrate some of the effects of glacio-hydro-isostasy on the 
observed relative sea-level records and discuss the importance of factors such as location, 
time of observation, earth rheology and ice sheet size and distribution and rate of melting. 
To demonstrate the effects of these parameters, I use a spherical axisymmetric earth model 
with two continents (north and south) separated by an ocean reaching from a colatitude of 
20° to 117° (see figure 5.6). A parabolic ice sheet load of Laurentide ice sheet dimensions 
is located on the northern continent. 
The sites of interest in this study in the Caribbean and surrounding regions (see sec-
tion 4.5) span the intermediate field range of the Laurentide Ice sheet. For this reason, 
the following discussion concentrates mainly on the comparis~n of relative sea-level re-
sponse at intermediate- and far-field sites to a glacial unloading of a Laurentide-sized ice 
sheet. 
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Spatial variability 
Figure 5.7 summarises the characteristic relative sea-level curves associated with a hypo-
thetical deglaciation t hat is completed a several thousand years before the present day at 
interior, near-, intermediate- and far-field sites . For a site directly under the ice sheet (A), 
radial displacement of the surface dominates t he response during and after unloading, and 
there is an apparent drop in relative sea level. For sites very close to the ice margins (B), 
the change in sea level can be a more complicated superposit ion of the crustal rebound 
and equivalent sea-level rise. At intermediate-field sites (C), the collapse of the 'peripheral 
bulge' leads to a rise in sea level for sites in that region which is also superimposed on 
the rise in equivalent sea level. For far-field continental sites (D), the differential surface 
deformation across the margin produces an apparent fall in sea level that is superimposed 
on the equivalent sea-level rise. 
5.6.1 Relative magnitude of ice and water components 
Figure 5.8 shows the separate glacio- and hydro-isostatic components of sea-level change in 
response to the deglaciation of a Laurentide-sized ice sheet for the axisymmetric Earth and 
the reference earth model ( ma4A, table 5 .1 ). The calculations are for a linear deglaciation 
between 18 ka and 6 ka BP of an ice sheet of thickness 3.8 km at its centre and which 
contributes rv80 m to ice-equivalent sea-level change. The glacio- and hydro-isostatic 
components are measured relative to present day ( 6 ka after the cessatiq_n of melting). 
At interior, near and intermediate-field sites, the glacio-isostatic response is the dominant 
contribution to the isostatic component of sea-level change. Beneath the centre of the 
ice sheet glacio-isostasy contributes > 700 m to a fall in sea level during the deglaciation. 
At far-field continental sites, the glacio-isostatic component is smaller and hydro-isostatic 
adjustment becomes more important. 
5.6.2 Time of observation 
For the examples discussed above, relative sea level is calculated relative to the present day. 
However, at the present day, the Earth has still not relaxed fully since the last deglaciation. 
Figure 5.9a and b show a comparison of the relative sea level as a function of time for 
a set of intermediate and far-field sites with reference to the present day (5.9a) and an 
equilibrium state (5.9b). The glacio-isostatic component of sea-level change as a function 
of colatitude from the centre of the load is shown in figure 5.10. During the Pleistocene, 
the waxing and waning of the ice sheets on 20-100 ka time-scales has meant that the Earth 
has been continually readjusting and has never reached an equilibrium state. However, 
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Figure 5. 7: Characteristic sea-level curves for interior- near-, intermediate- and far-field sites 
. associated with the last deglaciation as a function of equivalent sea-level change and isostatic 
components (after Yokoyama, 1999). A) Interior - Well inside the margins of the ice sheet, the 
response is dominated by the glacio-isostatic rebound of the crust leading to a dramatic fall in 
relative sea level at those sites. B) Near-field - The equivalent sea level and isostatic rebound 
components ar~ of similar magnitude, and relative sea level change is a complex superposition of 
these. C) Intermediate-field - The collapse of the glacial bulge leads to an isostatic coniponent ·· 
of sea-level rise that is superimposed on the equivalent sea-level rise. D) Far-field continental -
The uplift of the continental crust in response to the increased water loading of the oceanic crust 
produces an isostatic component ·of sea-level fall superimposed on the equivalent sea-level rise.· 
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Figure 5.8: Glacio- and hydro-isostatic components of sea-level change associated with the 
melting of a Laurentide sized ice sheet between 18 ka and 6 ka BP. The ice sheet is located on the 
northern continent , with a radius of 20°. The southern continent extends to a colatitude of"' 117°. 
a) relative sea-level change and interior and near-field sites is dominated by glacio-isostasy. b) The 
continental hydro-isostatic component is the result of increased loading on the oceanic crust from 
the increased ocean depth and corresponding uplift of continental crust. For sites near the margin 
of the northern continent , the water load also depends on the glacio-isostatic effects due to the 
nearby ice sheet. 
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for the purpose of studying the nature of the Earth's response to changing surface loads, 
displaying the isostatic response of the Earth with respect to an equilibrium state enables 
glacio-hydro-isostatic effects to be more easily demonstrated. 
The internal deformation of the Earth associated with a surface load attenuates with depth, 
and higher degree (shorter wavelength) deformation attenuates more rapidly with depth. 
Therefore, the vertical deformation of the boundary between the upper and lower mantle 
is smaller and is broader (longer wavelength) than at the surface (figure 5.11). Because 
the viscosity of the upper mantle is much lower than that of the lower mantle, it responds 
more rapidly to changes in surface load. As a result of this viscosity contrast, during a 
deglaciation, the peripheral glacial bulge broadens as it collapses reflecting the broader 
deformation at depth (figure 5.12). Because of this broadening, at intermediate field 
sites near the ice sheet margin ( e.g. 67°N in figure 5.9) the sea-level after a deglaciation 
(measured relative to an equilibrium state) would overshoot its equilibrium level before 
then returning to it from above. 
The total rise in sea level during a deglaciation differs between intermediate and far-field 
sites. Intermediate-field sites, which lie on the peripheral bulge, subside in response to a 
deglaciation. Consequently, the total rise in sea level (measured at an equilibrium state) 
is generally larger than the equivalent sea-level rise (sites 67 N and 56 Nin figure 5.9b). In 
contrast, at far-field continental margin sites, which are uplifted in response to deglacial 
water load increase, the total rise in sea level is less than the equivalent sea-level rise. If 
sea level is not measured relative to equilibrium, the total rise in sea level is dependent 
on time of observation. In the case of intermediate field sites, where the peripheral bulge 
is still collapsing at the present day, the total rise in relative sea level relative to present 
day can be less than the rise in equivalent sea level (site 56N in figure 5'.9a). 
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Figure 5.9: The apparent change in relative sea level is dependent on the t ime of observation. 
For a deglaciation between 18 and 6 ka BP, the relative sea level for a number of intermediate and 
far fi eld sites would appear as in the panel (a) of this figure. Panel (b) shows relat ive sea-level 
curves for the same deglaciation , measured relative to equilibrium . The posit ion of the intermediate 
field sites relative to the ice sheet margin are shown in figure 5.10. 
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Figure 5.10: Glacio-isostatic component of sea-level change relative to equilibrium during and 
after a deglaciation in the near and intermediate field region. Location of intermediate field sites for which relative sea-level curves are calculated in figure 5.9 relative to the ice sheet margin and 
northern continent in the axisymmetric model. 
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Figure 5.11: Vertical deformation at a range of depths resulting from a Laurentide sized ice load. Deformation attenuates and broadens with depth. 
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Figure 5.12: Collapse and broadening of the surface deformation peripheral bulge in response 
to a deglaciation. 
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5.6.3 Dependence on rheology 
Lithospheric thickness 
The lithosphere partially supports a surface load through its rigidity and elastic flexure. 
For a load of a given size, a reduction in the thickness of the lithosphere will mean that 
the load is supported less by the lithosphere and more by the buoyancy forces from the 
mantle. In the case of a load of the size of the Laurentide Ice Sheet, the lithospheric 
thickness ( l"V50-80 km) is much less than the size of the load (in this model, l"V2000 km 
radius) and so the support of this load is dominated by buoyancy from the mantle. In this 
case, changing the lithospheric thickness will not significantly affect the isostatic response 
or the resulting relative sea level (figure 5.13), except possibly very near the ice sheet 
margins where lithospheric flexure is important. A smaller load would be supported more 
by the elastic lithosphere and the isostatic response to such a load would therefore be 
more sensitive to the lithospheric thickness. 
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Figure 5.13: Changes in lithospheric thickness from 65 km (ma4A), 50 km (mb4A), 80 km 
(mc4A) - sensitivity of glacio-hydro-isostatic components and relative sea-level change in response 
to a Laurentide Ice Sheet sized deglaciation measured relative to equilibrium. a) ear and inter-
mediate field glacio-isostatic component; b) Far-field hydro-isostatic component; c) Relative sea 
level for intermediate-field (67° , 56° ), far- field oceanic (36°N) and far-field continental ( 49°S) 
sites. 
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Upper mantle viscosity 
Changing the upper mantle viscosity affects the rate of the Earth's response to glacial un-
loading (figure 5.14). The viscosity contrast between the upper and lower mantle in these 
models is responsible for the 'overshoot' of relative sea level past the equilibrium level at 
intermediate-field sites that are very close to the ice sheet margin. If the viscosities of the 
upper and lower mantle are closer, lower mantle readjustment keeps better pace with the 
upper mantle and, as a consequence, the surface deformation does not broaden as quickly 
or by the same magnitude (dotted lines in figure 5.14a). Therefore, an increase in upper 
mantle viscosity produces a smaller 'overshoot' of relative sea level at the intermediate 
field sites following a deglaciation (blue dotted line in figure 5.14c). If the upper man-
tle viscosity is decreased then the initial rate of relaxation is faster, the peripheral bulge 
collapses and broadens more rapidly (dashed lines in figure 5.14a) and the overshoot at 
sites near the ice sheet margin is larger (blue dashed line in figure 5.14c). Relative sea 
level at far-field sites are relatively insensitive to changes in upper mantle viscosity (site 
49 S, purple lines in figure 5.14c) because the of the very wide water load (see following 
discussion of lower mantle viscosity). 
The total change in sea level between the glaciated and ice-free equilibrium states is 
insensitive to changes in mantle viscosity because earth models that have the same elastic 
structure but varying viscosity will approach the same fluid limit ( demonst_rated in fig-
ure 5.1). 
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Figure 5.14: Changes in upper mantle viscosity from 4x 1020 Pa s (ma4A) to 2x 1020 Pa s 
(ma2A) and 1 x 1021 Pa s (maAA) - sensitivity of glacio-hydro-isostatic components and relative 
sea-level change in response to a Laurentide Ice Sheet sized deglaciation measured relative to 
equilibrium. a) Near and intermediate field glacio-isostatic component; b) Far-field hydro-isostatic 
component; c) Relative sea level for intermediate-field (67°N, 56° ), far-fi eld oceanic (36°N) and 
far-field continental ( 49°S) sites. 
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Lower mantle viscosity 
If the lower mantle viscosity is increased, while maintaining the same upper mantle viscos-
ity, the initial rate of response in the intermediate-field remains approximately the same 
but the broadening and final collapse of the peripheral bulge is delayed because of the 
slower response of the lower mantle (compare dotted line in figure 5. l 5a). This also leads 
to a more obvious overshoot in sea level at sites near the margin of the former ice sheet 
(site 67 N, blue lines in figure 5.15c). The far-field hydro-isostatic component (site 49 
S, purple lines in figure 5.15c) is more sensitive to variations in lower mantle viscosity 
because the deformation caused by the broad water load penetrates deep into the mantle. 
Earth rheology - summary 
The response of the Earth to surface loading is dependent on the rheological parameters 
such as lithospheric thickness, and mantle viscosity. The horizontal dimensions of a load 
determines its sensitivity to changes in mantle rheology. A load of small radius, relative to 
the flexural wavelength of the lithosphere, is supported to a greater degree by the elastic 
strength of the lithosphere the response of the Earth to such a load is highly sensitive to 
the thickness of the elastic lithosphere. For a broad load, such as the Laurentide Ice Sheet 
or the oceanic water load, the isostatic response is insensitive to lithospheric thickness and 
is more dependent on mantle viscosity. Wider loads penetrate deeper into the mantle. 
If the history of the surface loading is known, then this enables us to place constraints 
on these rheological parameters. The viscoelastic structure of the Earth is more complex 
than the simple three-layer model used in these calculations. For example, the radial 
viscosity profile of the mantle is more complex than a simple upper and lower mantle 
cont rast (Kaufmann and Lambeck, 2002). In addition, lateral variability of viscosity can 
be inferred from the results of seismic studies but this cannot yet be included in these iso-
static models. Therefore, rheological parameters in these models are effective parameters 
only and describe the regional behaviour of the Earth. 
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Figure 5.15: Changes in lower mantle viscosity from lx1022 Pas (ma4A) to lx1022 Pa s 
(ma41) and 5 x 1022 Pa s (ma4E)- sensitivity of glacio-hydro-isostatic components and relative 
sea-level change in response to a Laurentide Ice Sheet sized deglaciation measured relat ive to 
equilibrium. a) Near and intermediate field glacio-isostatic component; b) Far-field hydro-isostatic 
component; c) Relative sea level for intermediate-field (67°N, 56°N), far-fi eld oceanic (36°N) and 
far-field continental ( 49°S) sites . 
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5.6.4 Dependence on ice load 
Ice load melting history 
Distribution 
In regions near the margins of an ice sheet, the relative sea-level history is very sensitive 
to the position of the margin through time. Figures 5.16a and b show the glacio-isostatic 
response to a deglaciation between 18 and 6 ka BP (relative to equilibrium) for two ice 
sheets with the same initial dimensions. In the upper panel, the ice sheet simply thinned 
with time while the ice extent was kept constant. In the second scenario (lower panel), the 
ice sheet's margins migrated inwards while the ice sheet thinned. These models demon-
strate that for sites very close to the ice sheet margin, a complex relative sea-level history 
can be expected. For the second scenario (figure 5.16b) there is competition between the 
collapse of the peripheral bulge and its migration inwards as the ice sheet shrinks. Because 
of this complexity, the detailed reconstruction of an ice sheet's melting history requires 
observations of relative sea level which are both spatially and temporally distributed. 
Rate of melting 
The glacio-isostatic response of the Earth to a deglaciation is dependent on the rate of 
the melting (figure 5.17). For an instantaneous melting of the ice load (figure 5.17a) the 
entire isostatic readjustment occurs after the end of the deglaciation which 'enhances' the 
observed isostatic effects after the deglaciation. For example, there is a larger high-stand at 
far-field continental sites and an apparent further delay in the sea-level rise at intermediate 
field sites following the a rapid deglaciation. For a slowly melting ice sheet (figure 5.17c), 
the Earth's response begins during the deglaciation and is partially complete by the end 
of the deglaciation. In this case, the magnitude of the far-field high-stand is reduced and 
the intermediate field response occurs sooner (relative to -the end of the deglaciation). 
Therefore, the relative sea level at the present day (t=0 ka) is closer to the equilibrium 
value following a slow deglaciation, compared to a rapid melt. 
Ice load history - Summary 
The isostat ic component of sea-level change is ice model dependent. If the Earth's rhe-
ological structure is known then observations of relative sea-level change can be used to 
establish constraints on the ice melting history. In reality, both the Earth and ice models 
will be partly known, at best. One approach is to use periods of well constrained sea level 
such as the post-LGM, to solve for the earth model appropriate for a given region, then 
assume that the same earth model is appropriate for earlier periods to make inference 
about the earlier ice history. 
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Figure 5 .16: Glacio-isostatic component associated with a linear deglaciation between 18 ka 
and 6 ka, measured relative to equilibrium. The ice sheets in both panels have the same initial 
size and dimensions, width of rv2000krn and central height of rv3.8 km. a) the ice sheet simply 
thins during the deglaciation. b) the ice sheet margins migrate inwards as the ice sheet thins. The 
rebound associated with the ice sheet in the upper panel (thinning only) is faster than for the 
lower panel (migration inwards and thinning) because the ice thickness at the centre of the load 
decreases more quickly. The glacio-isostatic response in the peripheral regions of the ice sheet are 
complex and are dependent on the areal extent of the ice sheet during the deglaciation. 
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Figure 5.17: Relative sea-level curves at intermediate and far-field sites for different Tates of 
deglaciat ion: a) near instantaneous (full deglaciation over ,-..,Q.l ka) , b) reference (full deglaciation 
over 12 ka) and c) slow (full deglaciation over 24 ka). 
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5.6.5 Superposition of isostatic response 
For a complicated surface loading history, relative sea-level results from a linear superpo-
sition of the exponentially decaying components of the viscoelastic response to previous 
surface loading events ( equation 5.3). The relative sea-level change at intermediate and 
far-field sites due to a small oscillation in ice load is shown in figure 5.18a. If an oscillation 
of this type closely follows a major deglaciation (figure 5.18b), the relative sea-level curves 
from the two events interfere, producing a more complex response which is a superposi-
tion of individual loading histories. In figure 5.18c, the secondary oscillation is delayed. 
In this case, by the time of the secondary oscillation, the Earth's response to the major 
deglaciation is more complete and the relative sea-level curve for the secondary oscillation 
approaches that of the isolated oscillation seen in figure 5.18a. 
5.6.6 Present-day deformation 
In the previous sections, relative sea-level curves have been plotted relative to a near equi-
librium state, where the Earth has relaxed completely following a change in surface loading. 
However, observations of past sea-level change are measured relative to the present, which 
is not in an equilibrium state. Figure 5.19 shows the calculation of sea level for a number 
of intermediate and far-field sites in response to a simple, sawtooth glacial cycle. Near the 
end of the last interglacial period in this model (at rvl20 ka), the sea level at each of these 
sites is similar to one another (measured relative to the present day). This is because the 
ice melting history leading up to that time is similar to that leading up to the present 
and, as a consequence, the deformation at the two times is similar. At other times during 
the glacial cycle, the deformation of the Earth may be very different to the present day, 
leading to a large spread of relative sea levels as a function of location. 
Because the relative sea level of past events is dependent on the present-day deformation of 
the Earth, the 'recent' history of surface loading (ie since the LGM) is an important factor 
in controlling the apparent relative sea level of those events. Changing the magnitude of 
the LG M ice sheets, or the rate of deglacial melting, affects the rate of glacio-isostatic 
readjustment and hence the present-day deformation of the Earth. The importance of 
'recent' melting history is addressed further in the next chapter. 
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Figure 5.18: Relative sea-level curves for a) a minor oscillation in sea level; b) superposition of 
major deglaciation and minor osc_illation; and c) superposition of major deglaciation and delayed 
minor oscillation. 
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Figure 5.19: Relative sea level for a sawtooth glacial cycle measured relative to present day. 
Note that at ""120 ka, the sea levels at all the sites are similar because the deformation of the earth 
was similar to that of today. At other times , the isostatic deformation was different to that of the 
present day and so there is a spread of relative sea levels at those location. 
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5.7 Conclusion 
In this chapter, I have used a simple axisymmetric model to demonstrate the principles 
of glacio-hydro-isostasy. Relative sea level at intermediate- and far-field sites is a complex 
function that is dependent on the rheological properties of the Earth, including the litho-
spheric thickness and mantle viscosities (section 5.6.3), ice sheet melting history prior to 
the time of interest ( section 5. 6 .4) and the present-day isostatic state of the Earth ( sec-
tion 5.6.6). Further complexity is introduced when multiple and realistic ice sheets as well 
as a realistic distribution of ice and water surface loads are considered. 
In the next chapter, I compare observations of relative sea-level change in the Caribbean 
and surrounding region during sub-stages 5a and 5c with predictions made using more 
realistic glacio-hydro-isostatic models. The sites of interest, between Barbados and the 
US East Coast, ( discussed in chapter 4) lie in the intermediate-field zone of the Laurentide 
ice sheet. Using the spatially distributed data set of relative sea-level observations for the 
sub-stage 5a sea-level high-stand, I will explore what constraints may be placed on the 
rheology of the Earth and the melting history of the Laurentide Ice Sheet. 
Chapter 6 
Reconciling Sea-Level 
Observations in the Caribbean 
Region 
6.1 Introduction 
In this chapter realistic models of continental coastlines and ice sheet distribution are used 
to calculate the isostatic contribution to relative sea-level change in the Caribbean and 
surrounding regions during MIS 5. Redistribution of ice and water surface loads affects 
relative sea-level change through glacio-hydro-isostatic deformation of the Earth's crust, 
redistribution of mantle material and perturbation of the geoid (Farrell and Clark, 1976). 
For the simple axisymmetric models in the previous chapter, these isostatic effects are 
symmetric about the ice load. Additional complexity in the calculation _9f relative sea 
level is introduced by realistic ice melting models and coastlines. 
Relative sea-level calculations are dependent on the rheology of the Earth and, in the 
region of interest to this study the melting history of the Laurent ide Ice Sheet (LIS). A 
spatially and temporally distributed set of relative sea-level observations is required to 
establish both the ice distribution and rheological parameters. Preliminary models of ice 
distribution can be uncertain because they are dependent on limited geological evidence 
of ice extent and models of ice sheet dynamics. A comparison of sea-level observations 
with those predicted by isostatic models can be used to improve preliminary ice and earth 
models. 
In this chapter I demonstrate that the seemingly contradictory observations of relative sea 
level during sub-stage 5a in the Caribbean region are reconciled by taking into account the 
effects of glacio-hydro-isostasy. The few observations of relative sea level during this pe-
riod do not enable a detailed reconstruction of the Laurentide Ice Sheet s melting history. 
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However, these observations can be used to place some constraints on the ice distribution 
and earth rheology. In this chapter, I demonstrate how these parameters influence relative 
sea level during the last glacial cycle. 
6.2 Defining a preliminary ice model 
One aim of this investigation is to constrain global ice volume during the last glacial cycle 
by comparing relative sea-level observations with isostatic model predictions. Before this 
can occur an initial estimate of global ice volume and distribution is required. Absolute 
changes of global ice volume (ice-equivalent sea level) cannot be measured directly. Far-
field sites are, by definition, relatively insensitive to the spatial distribution of ice and 
are influenced mainly by hydro-isostasy, the effects of which are generally small when 
compared to the large oscillations in sea level during the last glacial cycle. Therefore, rel-
ative sea-level observations at far field sites (such as Huon Peninsula) adjusted for a small 
hydro-isostatic · correction, are a good first approximation to changes in ice-equivalent sea 
level and global ice volume. 
The preliminary ice-equivalent sea-level curve for the last glacial cycle used in the fol-
lowing discussion is based on a number of sources. Sea-level change since the last glacial 
maximum has been recorded by coral growth at locations such as Barbados, Tahiti and 
Papua New Guinea (Fairbanks, 1989; Bard et al., 1996; Chappell and Polach, 1991). 
Micropalaeontological studies of sediment cores from the Northwestern Australian shelf 
(Yokoyama, 1999) also helps to constrain the sea level during the LGM. With preliminary 
adjustment for isostatic effects, these records can be combined to define an ice-equivalent 
sea-level curve since the LG M (Lambeck et al., 2002c). 
Evidence of sea-level change prior to the LG M is often overprinted or destroyed by sub-
sequent sea-level oscillations. Even where physical indicators of sea level during the. last 
glacial cycle are preserved, they are often below present sea level and are difficult to access. 
At tectonically uplifting sites, these deposits can be exposed above present sea· level. The 
best examples of uplifted coral reef deposits during the late Pleistocene are those at Huon 
Peninsula, Papua New Guinea and the island of Barbados, West Indies (see discussion in -· 
chapter 4). At these locations, major coral reefs formed when sea-level rise equalled or 
exceeded tectonic uplift. These uplifted reef terraces therefore represent reef growth dur-
ing major interstadial periods. In particular, the high uplift at Huon Peninsula provides 
access to reef growth features that are not exposed at other locations. 
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Existing U-Th age data for these reefs has been used to calculate the magnitude of the 
sea-level high-stands associated with each of the MIS 5 features at Huon Peninsula ( chap-
ter 4, Lambeck and Chappell, 2001) . The sea-level minima in that curve are based upon 
the position of stream deltas overlapping the terrace deposits that define sea-level high-
stands ( Chappell, 197 4). Because of the uncertainties in the interpretation of the H uon 
Peninsula data (section 4.3 .2), this sea-level curve may be open to revision. However, it 
provides a reasonable first estimate of ice-equivalent sea level, which can then be improved 
by combining further observations at Huon Peninsula and at other locations with models 
of relative sea-level change at these locations . 
A preliminary estimate of the ice distribution of individual ice sheets must be made in 
order to accurately model the glacio-isostatic component of sea level. The geographical 
extent of the major ice sheets such as the Laurentide, Antarctic and Fennoscandian, and 
the smaller Innuitian, Cordilleran and Greenland ice sheets can be partially constrained 
by geologic indicators. The timing of ice retreat since the last glacial maximum (LG M) 
can be constrained by Carbon-14 dating of moraine material and cosmogenic exposure 
dating of rocks in formerly glaciated areas . Striations give an indication of the direction of 
ice movement. In some locations, trimlines record maximum ice height but observations 
of this type are not widespread . The total volume of an ice sheet cannot be constrained 
by geologic indicators alone. Instead, models of ice sheet dynamics are used to constrain 
the volume and distribution of ice within defined boundaries . However, model parameters 
such as basal conditions and rates of ablation and precipitation can be uncertain. 
V\ hile e idence of ice extent and flow directions since the LG M exist in many regions 
formerly co ered by ice, indicators of ice-sheet distribution during earlier periods are often 
destroyed or hidden by subsequent ice advances. Where physical evidence of ice extent 
does exist the timing of deposition can be difficult to constrain. There is often a dearth 
of material for radiocarbon dating and this method can only be applied to material that 
is less than 40 000 to 50 000 ears old: Electron Spin Resonance (ESR) dating of fossils 
and Thermoluminescence (TL) dating of sediment are imprecise and are dependent on the 
a ailabilit of sui able material. Because ice extent prior the LG1I cannot be constrained 
directly preliminar ice-sheet models during these earlier periods are supplemented by 
knowledge of he ice sheets behaviour during the last deglaciation i.e. the relationship 
bet een ice olume and ice extent. 
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Ice Sheet References Scaling at LG M 
Laurentide Licciardi et al. (1998) 1.3 
Fennoscandian Lambeck et al. (1998); Lambeck et al. (2000) 1.0 
Antarctic Nakada and Lambeck (1988); Denton and Hughes (1981) 1.2 
Greenland Peltier (1991) (ICE-3G) 1.5 
Innuitian as above 2.0 
Cordilleran as above 1.5 
Table 6.1: Summary of ice sheets used in the preliminary model, original references and scaling 
applied at the LGM. Extra notes: Antarctic ice sheet based on ANT-3 (Denton and Hughes, 
1981), scaled to 24 m at LGM and melting in phase with equivalent sea level. The relative sea-
level calculations in this chapter are not sensitive to the relative partitioning of ice at far-field ice 
sheets such as the Antarctic and Fennoscandian. 
Partitioning of global ice volume 
The isostatic modelling in this chapter includes the effects of the 6 major ice sheets (sum-
marised in figure 6.1 and table 6.1). The spatial distribution of these ice sheets is based 
on a combination of geologic evidence and, in some cases, the results of previous isostatic 
studies (references in table 6.1). The sum of the original individual ice sheet models cho-
sen for this analysis was not equal to the global ice volume at the last glacial maximum 
inferred from sea-level observations, which is equivalent to r-vl35 m sea level (Yokoyama et 
al., 2001a). This is not unexpected because of the large uncertainties involved in constrain-
ing the volume of individual ice sheets. Each model is, therefore, scaled by an arnount that 
is judged to be within the uncertainties of the observational constraints and so that the 
total global ice volume at the LGM is consistent with sea-level observations. For the pur-
poses of this chapter, the isostatic contribution to sea-level change in the Caribbean region 
is most sensitive to the ice volume and distribution of the LIS but relatively insensitive 
to the global distribution of far-field ice sheets. For this reason, the scaling parameters 
applied to various other ice sheets are not crucial to the calculations. 
The Laurentide Ice Sheet (LIS) provides the most important contribution to the glacio-
isostatic component of relative sea level in the Caribbean and surrounding region. The 
relative sea level at sites near the ice sheet's former margin is very sensitive to the ·distri- -· 
bution of ice within the ice sheet's boundaries. Models of ice height and total volume vary 
depending on the basal conditions assumed. Numerical ice growth models by Licciardi et 
al. (1998), show that for a soft bedded base, with water-saturated low viscosity sediments, 
the LGM Laurentide ice sheet has a multi-domed structure which is thin over the Hudson 
Bay area and has a relatively low total volume. In the case of a frozen-bedded model, 
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Figure 6.1: Contribution of six major ice sheets to total ice volume expressed in ice-equivalent 
sea level: Laurentide, Antarctic, Fennoscandian, Greenland , Cordilleran and Innuitian Ice Sheets . 
References for original ice sheet models are listed in table 6.1 and are scaled to produce a total 
ice volume at the LGM which is consistent with sea-level observations at that time (Yokoyama, et 
al. 2001b) . The melting history during MIS 7-6 and HS 3 have been simplified as they do not 
have a significant effect on the sub-stage 5c and 5a calculations. This preliminary ice model will 
be referred to as R-0. 
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the ice sheet approaches a single-domed structure and can achieve a higher volume ( e.g. 
Peltier and Andrews, 1976; CLIMAP Project Members, 1976). Licciardi et al. (1998) 
provide maximum and minimum ice sheet reconstructions since the LG M which are con-
sistent with the available evidence of ice extent during that period (figure 6.2). 
Records of the boundaries of the LIS prior to the LG M are scarce, as they have gen-
erally been overprinted by subsequent ice sheet advances. During the last interglacial 
period the Earth's climate was similar to that of today and global ice volume was compa-
rable. Following the last interglacial, constraints on the distribution of the LIS ( Clark et 
al., 1993) are based on limited geological evidence such as glacial sediment. The LIS first 
developed in the north over Quebec and Baffin Island, and ice volumes may have been 
small (Clark et al., 1993; Kleman et al. 2002). Much of the southern sector of the LIS 
remained ice-free during stage 5. The onset of major glaciation in the southern region of 
the Laurentide .occurred during MIS 4. Marine records suggest a decrease of glaciation at 
high latitudes after MIS 5 (Clark et al., 1993). The northern margin of the LIS was more 
heavily glaciated during MIS 5 than during the subsequent LGM advance. 
Licciardi et al. 's (1998) maximum ice model defined LIS ice extent and distribution for 
a series of time steps during the last deglaciation. The Laurentide ice model for the last 
glacial cycle used in this study is an extension of Licciardi et al. 's last deglaciation model 
to earlier time periods (figure 6.3). Where geological evidence constrains ice· extent for a 
time during MIS 3 and 5, the closest equivalent time step from Licciardi et al. 's model 
was applied while remaining consistent with the MIS 5 geologic evidence. The constraint 
that the MIS 5 ice sheet remained north of the St Lawrence Lowlands was considered the 
most important for the preliminary model. A more northerly situated ice sheet MIS 5 ice 
sheet (suggested by Clark et al., 1993) is investigated later in this chapter. The cyclical 
nature of global sea level, inferred from sea-level observations, is applied to the growth 
and decay of the Laurentide during MIS 5. If necessary, the ice model at each time step 
is scaled to be consistent with the assumed equivalent sea-level ~ontribution of _the LIS at -
that time. For simplicity, in the preliminary model, the north-south balance of Licciardi's 
last deglaciati,on ice model is also applied to the corresponding time~step during fyiIS 5. 
The effect of changing the distribution of ice within the MIS 5 boundaries is discussed 
later in this chapter. 
The partitioning of ice among the other major ice sheets is also shown in figure 6.1. An 
accurate global ice distribution among the far-field ice sheets is not crucial to the calcula-
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Figure 6.2: Contour plots of LIS ice thickness fo r t imesteps in Licciardi et al. 's (1998) ice model 
(scaled) for the last deglaciation (approx. calibrated years) 
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Figure 6.3: Contour plots of LIS ice model during MIS 5 sub-stage 5d, 5c, 5b and 5a, based 
on the Licciardi et al. (1998) last deglaciation model. The ice extent of these models is consistent 
with the observations that suggest the southern margin of the LIS did not reach the St Lawrence Lowlands during the sub-stage 5d-5a period. The north-south balance of the Licciardi et al. model for each corresponding time-step has been maintained. The ice volumes have been scaled up so the contribution of the LIS , as a proportion of global ice volume, during this time period is similar to that of the last deglaciation. This produces large ice thickness, which may not be realistic. 
,In section 6.6.3, I will discuss modifications to this ice model, which include reducing the volume during this period. 
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tion of sea levels in the Carib bean region. For the modelling in this chapter, the ice sheet 
melting history during the penultimate glacial cycle (MIS 7-6) and MIS 3 has been sim-
plified because the stage 5a relative sea levels are not particularly sensitive to the details 
of the ice melting history during those time periods. This preliminary ice model will be 
referred to as model R-0. 
6.3 Components of isostasy during sub-stage 5a 
The primary purpose of this chapter is to examine the relative sea level at sites in the 
Caribbean region at the 84 ka peak of sub-stage 5a. Using the preliminary ice model 
(R-0) and a reference earth model (ma4A), relative sea level was calculated for the south-
eastern US and the Caribbean region ( contour plot in figure 6.4a, b). These calculations 
demonstrate that for the regions both beneath the ice sheet and near its margins where 
the contours are concentric around the ice sheet, the relative sea level is dominated by the 
glacio-isostatic response. Relative sea level at intermediate-field sites in the Caribbean 
region is sensitive to the position of the glacial peripheral bulge, where the contours are 
still concentric around the ice sheet. Further south, near the coasts of Central and South 
America, hydro-isostatic effects become more apparent where the contours follow the shape 
of continental shelf edges. 
The total relative sea level at the peak of sub-stage 5a and its glacio- and hydro-isostatic 
components have been calculated for a series of sites along an arbitrary tra_psect between 
the southern margins of the Laurentide Ice Sheet and the north coast of South America 
(figures 6.5 and 6.6). Both the deformation and gravitational effects associated with the 
LIS load are included in the glacio-isostatic component. The complexity seen in the hydro-
isostatic component is due to the geometry of the continental margins and the large island 
of Haiti and the Dominican Republic. The hydro-isostatic component that is shown is the 
third iteration of the sea-level calculation and therefore includes the extra water loading ef-
fects associated with the glacio-isostatic deformation and gravitation near the LIS margin 
and coast of the North American continent, as well as the effects of the time-dependence 
of the shorelines. 
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Figure 6.4: Contour plot of relative sea level at the peak of sub-stage Sa (84 ka) relative to the 
present day in the Caribbean and surrounding regions. The upper panel shows the region occupied 
by the southern sector of the Laurentide Ice Sheet. The concentric contours around the ic.e sheet .-
location demonstrate that the glacio-isostatic component dominates in the near and intermediate 
field. Further south, in the bottom panel, the glacio-isostatic deformation reduces and the contours 
begin to follow the continental shelf edges, as a consequence of hydro-isostatic deformation. Note 
the different contour scales in the two plots. 
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Figure 6.5: This north-south transect through the Laurentide Ice Sheet and Caribbean region 
is used for the sea level calculations in figures 6.6 and 6.7 . 
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Figure 6.6: Total relative sea level and ice and water components of relative sea level for sub-
stage 5a for t he N-S transect of figure 6.5. The complexity in the hydro-isostatic component is due to t he geometry of the North and South American coastlines and the island of Haiti and the Dominican Republic. 
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Figure 6. 7: The glacio-isostatic component at sub-stage 5a (84 ka BP) relative to present 
( curve (i)) is equal to the difference between the glacio-isostatic component at sub-stage 5a (84 
ka BP) relative to equilibrium ( curve (ii)) and the glacio-isostatic component at the present day 
(0 ka) relative to equilibrium ( curve (iii)). This calculat ion is for the transect of sites shown in 
figure 6.5 . In this region of interest, which corresponds to the Caribbean region, this glacio-isostatic 
component which has a large gradient across the region. 
At the present day, the Earth has not completely relaxed following the last deglacia-
tion, most notably in regions near former ice sheets . The glacio-isostatic component at 
sub-stage 5a (84 ka BP) relative to present (curve (i) in figure 6.7) is simpfy equal to the 
difference between the glacio-isostatic component at sub-stage 5a (84 ka BP), relative to 
equilibrium ( curve (ii) in figure 6. 7) and the glacio-isostatic component at the present day, 
relative to equilibrium (curve Oii) in figure 6.7). The broad present-day collapsing glacial 
bulge is responsible for a substantial part of the gradient in the glacio-isostatic component 
(and hence of sea level) at sub-stage 5a relative to the present day in the region of interest. 
6.4 Factors controlling sub-stage 5a relative sea-level change 
The rate and magnitude of the Earth s response to variations of surface loading in the 
region of interest is controlled by the melting history of the LIS and the Earth 's rheological 
structure. Before making a direct comparison between observations of sub-stage 5a relative 
sea level with the isostatic model predictions, I demonstrate these effects for a transect of 
sites through this region (figure 6.8). 
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Figure 6.8: Transect of sites through the Caribbean region for demonstrating the behaviour of 
relative sea level in response to changing ice and earth model parameters. The extended transect in figure 6.8 is used in the following discussion to show the behaviour of glacio-isostasy in the 
interior and near-field regions of the LIS. 
6.4.1 Earth rheology 
As discussed before, the glacio-isostatic component of sea-level change in the Caribbean 
region at the peak of sub-stage 5a is controlled by two factors: i) the deformation of 
the Earth at 84 ka resulting from the surface load at ( and prior to) that time and ii) 
the present-day deformation of the Earth relative to equilibrium resulting from the more 
recent melting history of the ice sheet, ie since the LGM. Both of these components are 
sensitive to the rheological structure of the Earth. 
Lithospheric thickness 
A change in the effective thickness of the elastic lithosphere between 50 and 80 k1!1 · ( com-
pare mb4A and mc4A in figures 6.9 and 6.10) does not have a significant effect on the 
calculated gradient in relative sea level for this transect, only modifying the amplitude · of 
relative sea level by a maximum of rv4 m. The reason the eff~ct is small is because the 
size of the Laurentide Ice Sheet load is very large compared to the flexural wavelength of 
the lithosphere. 
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Figure 6. 9: The results of relative sea-level calculations for the transect of sites throughout the 
Caribbean region (figure 6.8) for a series of Earth rheological models ( table 6.2). The Earth models, 
as in chapter 5, are 4 layer models with an elastic lithosphere of thickness, h, two mantle layers with 
viscosities 1Jum and 1Jtm, and an inviscid fluid core (see table 6.2). The viscoelastic parameters 
used in the calculations in this chapter bound the range of realistic rheology. The magnitude 
of the gradient in relative sea level across the region of interest is influenced by rheology. The 
northern sites, near the ice sheet margin are particularly sensitive to mantle viscosity. See text for 
discussion. 
Model HL (km) 17u m (Pa s) 1]tm (Pa s) 
ma4A 65 4x 1020 1 X 1022 
mb4A - 50 4x 1020 1 X 1022 
mc4A 80 4x 1020 1 X 1022 
ma2A 65 2 X 1020 1 X 1022 
ma6A 65 6x 1020 1 X 1022 
ma45 65 4x 1020 5 X 1021 
ma4B 65 4x 1020 2x 1022 
ma4C 65 4x 1020 3 X 1022 
ma4D 65 4x 1020 4x 1022 
ma4E 65 4x 1020 5 X 1022 
Table 6 .2: Rheological parameters for the earth models used in this study. Lithosphere , with 
effectively infinite viscosity, with thickness HL (km); Upper mantle with effective viscosity of 17um; 
Lower mantle with effective viscosity of 17tm · 
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Figure 6.10: . For each of the rheological models listed in table 6.2: (i) The glacio-isostatic 
components at 84 ka relative to the present compared to (ii) the glacio-isostatic component at 84 ka relative to equilibrium and (iii) the present-day deformation relative to equilibrium. The gradient in sea level and the sensi_tivity of the relative sea-level calculations to changes in Earth 
rheology, in the region of interest, is contained mainly in the glacio-isostatic component at the 
present relative to equilibrium. 
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Upper mantle viscosity 
A change in the upper mantle viscosity affects the rate of response of the mantle to changes 
in surface loading. As upper mantle viscosity is increased ( compare ma4A and ma6A in 
figures 6.9 and 6.10), the Earth's response to unloading is slower and the peripheral bulge 
is larger at both 84 ka BP and at the present day, relative to equilibrium. Because the 
glacial peripheral bulge broadens as it collapses as a consequence of the viscosity contrast 
between the upper and lower mantle (see section 5.6.2 in chapter 5), the position as well 
as the magnitude of the present-day collapsing glacial bulge relative to the former ice 
sheet's margin is highly sensitive to the upper mantle viscosity. For an increase in upper 
mantle viscosity, the peripheral bulge broadens more slowly and its peak remains closer 
to the former ice sheet margin. Decreasing the upper mantle viscosity ( compare ma4A to 
ma2A) quickens the response of the upper mantle to unloading. As a result, the surface 
deformation collapses and broadens more quickly. 
Lower mantle viscosity 
The magnitude and position of the peripheral bulge at 84 ka and at the present day is also 
sensitive to lower mantle viscosity. An increase in lower mantle viscosity ( compare ma4A 
and ma4E in figures 6.9 and 6.10) leads to a larger and broader present-day collapsing 
peripheral bulge because the redistribution of lower mantle material does not respond 
as rapidly to the unloading. Decreasing the lower mantle viscosity ( compare ma4A and 
ma45) leads to a more rapidly collapsing bulge. The location of the peak of _the collapsing 
bulge is not very sensitive to lower mantle viscosity. 
Summary 
Both the glacio-isostatic component at 84 ka relative to equilibrium and present-day defor-
mation relative to equilibrium are influenced by the Earth's rheology. However, the latter 
component is more sensitive to changes in viscoelastic parameters and is the dominant 
factor in controlling the magnitude and location of the relative sea-level spatial maximum 
in the region of interest. While the magnitude of the gradient in sea level is most sensitive 
to changes in lower mantle viscosity, it is change in upper mantle viscosity which has the 
most influence on the location of the relative sea-level peak (figure 6.10). 
6.4.2 Laurentide melting history during MIS 5 
The glacio-isostatic contribution to relative sea level at the time of interest in the Caribbean 
region is primarily controlled by the melting history of the Laurentide Ice Sheet. The al-
ternative models discussed in the following sections are designed to test the sensitivity of 
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the response to aspects of the model and are not necessarily realistic in some cases. Two 
alternative models of the ice sheet melting history prior to the peak of sub-stage 5a (fig-
ure 6.11), in which the ice boundaries and total volume are changed, are compared to the 
preliminary reference model (R-0, figure 6.12). In alternative 1 (dashed), the transition 
of ice melting from sub-stage 5b to 5a occurs earlier than the reference model and so the 
isostatic response to unloading is more complete by the 5a peak (at 84 ka). The effect of 
this is an increase in the gradient and sea-level values across the region. For alternative 2 
(dotted), in which the 5b to 5a transition is delayed, the Earth's response is less complete 
at the peak of sub-stage 5a and the gradient in sea level is decreased. 
Scaling the volume ( or ice thickness) of the Laurentide Ice Sheet during the 5d-5a period 
changes the magnitude of the deformation in the region of interest at the peak of sub-
stage 5a. Figure 6.13 shows the effect of decreasing the magnitude of the Laurentide Ice 
Sheet by 50% during the entire MIS 5 period but increasing the far-field ice volume (ie 
Antarctic) to maintain the same equivalent sea level throughout that period. The effect 
of reducing the ice volume during this period is to reduce the glacio-isostatic deformation 
at 84 ka relative to present and hence increase the total apparent sea level and steepen 
the gradient across the region of interest. 
Following a change in surface loading, the Earth approaches its fluid limit over a period 
of time defined by its viscous structure. Therefore, the relative sea level at the peak of 
sub-stage 5a is much more sensitive to the detail of the Laurentide Ice Sheet's melting his-
tory during sub-stage 5b than during earlier times. The effect on the predicted sub-stage 
5a sea levels by increasing the sub-stage 5b and 5d Laurentide Ice Sheet volume by 30% 
(figure 6.14) is shown in figure 6.15. Increasing the LIS ice volume during sub-stage 5b 
by 30% has a much larger effect (3-4 m) than increasing the sub-stage ·sd ice volu·me by 
the same proportion (rvl m). Changing the stage 6 ice volume by 30% has an insignifi-
cant effect on the sub-stage 5a sea level ( not shown here) but would be very important in 
controlling sub-stage 5e relative sea level in the region. 
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Figure 6.11: Alternative models for the sub-stage 5b to 5a transition. In alternative 1 (dashed), 
the transition of ice melting from sub-stage 5b to 5a occurs earlier than the reference model. For 
alternative 2 (dotted), the 5b to 5a transition is delayed. 
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Figure 6.12: Relative sea-level calculations for the alternative sub-stage 5b to 5a alternative 
melting models defined in figure 6.11. In alternative 1 ( dashed) the isostatic response to unloading 
is more complete by the 5a peak (at 84 ka) and the gradient in sea level is increased. In alternative 
2 (dotted) the Earth's response is less complete at the peak of sub-stage 5a and the gradient in 
sea level is decreased. 
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Figure 6.13: Relative sea-level calculations for scaling down of MIS 5 reference model Lau-
rentide ice volume by 50%. This acts to reduce the glacio-isostatic deformation at 84 ka relative to present and increase the total apparent sea levels and steepen the gradient across the region of interest ( dashed line). 
0 
.-
E 
-
_§ -20 
..... 
:::J 
.0 
·c 
..... § -40 
(.) 
(l) 
> 
_3 -60 
~ (l) 
CJ) 
-80 
..,.. __ .................................................... .... ..... ............................... .. .............................. . 
' •••••••• • •••••• - •• • - • • ••• - ••••••••• - •• - • • • ............... ... .... ... ..... .. .... - •••• - • - • •• - - ••••••• - ••• ••••• - • - •••• - •• - ••• • • - - •• •• - ••••• - •••••• ••• - • ••••• - •••••••• 
' 
.. 
.. 
.. 
----- ----- --- ·················· · ------------------- ---- , --'- -- ---- --- --··················- --- ------·············· ··· --- --·-----··--·-········ ·--- ---- ----· ···· ········ •,' i 
• 
• total (reference) 
......... ............ - .... - total (5b alternative) 
-- -- •-- - total (5d alternative) 
• Laurentide (reference) 
- .... - Laurentide (Sb alternative) ............. . 
··· ·• --- Laurentide (5d alternative) 
-1 0 0 .....l...._~.......l.........J...._L.....1......_l_.l__l---L.....L.._.L......L_.l._...L......1_.L.........L_.L......L--'--....l-.....l---'--'--..L.......l.--'--....1...._.JL........I........L.._..L.......L.--'-....1..._.J'--'-......,__-'-
-140 -130 -120 -110 -100 -90 -80 -70 -60 
Time (ka BP) · 
Figure 6.14: Alternative models: Increase of Laurentide ice volume during sub-stage 5b (30%) (dashed); and increase of Laurentide ice volume during sub-stage 5d (30%) (dotted). 
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Figure 6.15: Comparison of relative sea-level calculation for the alternative models defined in 
figure 6.14: An increase of sub-stage 5b Laurentide ice volume (dashed) leads to a larger change 
in the relative sea-level predictions than for a change in sub-stage 5c ice volume (dotted) . 
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6.4.3 Laurentide melting history since LGM 
The gradient in relative sea level at the peak of sub-stage 5a in the Caribbean region is 
highly dependent on the present-day deformation of the Earth (section 5.6.6). Therefore, 
the melting history of the Laurentide ice sheet during the last deglaciation is an important 
factor in these calculations. The sea-level calculations from two alternative models of 
Laurentide Ice sheet melting history since the LGM (figure 6.16) are compared with the 
preliminary reference model, R-0. In these two models, the ice volume is scaled but the 
positions of the ice margins remain unchanged. In alternative model 1, the magnitude of 
the ice sheet was scaled up by 20% during the last deglaciation, and in alternative model 
2, the ice sheet was scaled down by 20%. The relative sea levels calculated for these two 
alternative models along the transect of sites are shown in figure 6.17. A larger ice sheet 
during the last deglaciation produces a larger present-day collapsing glacial bulge and 
therefore increases in the gradient in sea level across the region of interest. A smaller ice 
volume during the last deglaciation results in a smaller gradient in relative sea level as a 
consequence of the smaller present-day collapsing glacial bulge. 
6.4.4 Ice margins and distribution 
Relative sea level at sites near the margins of the former Laurentide Ice Sheet is very sensi-
tive to the location of the ice sheet's margins as well as the distribution of ice within those 
boundaries. The location of the ice margins during both MIS 5 and the last _deglaciation 
are important factors in controlling of the amplitude and gradient of sea level across the 
Caribbean region during sub-stage 5a. 
The location of the relative sea-level maximum in this region is most sensitive to the 
position of the present-day collapsing glacial bulge (figure 6.7 in section 6.3), which is de-
termined by the position of the Laurentide Ice Sheet during the last deglaciation. A shift 
of the Laurentide Ice Sheet southwards or northwards during both the last deglaciation 
and MIS 5 (figure 6.18) acts to displace the relative sea-level maximum in the same direc-
tion, as illustrated in figure 6.19. The shift of ice during the last deglaciation, is intended 
only to demonstrate the this effect but is not consistent with observations of ice extent 
during that period. 
If the bulk of ice during MIS. 5 is located further north than in the reference model 
(figure 6.20), then the total glacio-isostatic component at 84 ka relative to equilibrium 
decreases across the region of interest. Consequently, there is an increase in gradient of 
relative sea level across that region (figure 6.21). 
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Figure 6.16: Alternative melt ing histories for t he last deglaciat ion of t he Laurent ide ice sheet : 
dashed - increase of Laurentide ice volume by 20% during the LGM and the last deglaciat ion; and 
dotted - decrease of Laurentide ice volume by 20% during the LGM and the last deglaciat ion. 
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Figure 6.1 7: Relative sea-level calculations for alternative last deglaciat ion Laurent ide ice 
volume models defined in figure 6.1 6. An increase in the volume of the LIS since the LGM increase 
t he gradient glacio-isostatic deformation at the present day and hence relat ive sea level across t he 
region of interest (dashed) . A decrease in ice volume leads to a decrease in t he sea-level gradient 
(dotted) . 
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Figure 6.18: Alternative Laurentide ice models: north - ice sheet relocated north by 2.5 degrees latitude during MIS 5 and the last deglaciation (sub-stage 5a and LGM ice distributions shown); 
and south - ice sheet relocated south by 2.5 degrees latitude during MIS 5 and the last deglaciation (sub-stage 5a and LGM ice distributions shown). In these simple relocations, the ice heights at given latitudes are shifted northwards or southwards by 2.5°. However, this also slightly changes the 
north-south balance of ice and the total integrated volume. The ice sheets are scaled appropriately 
to account for this. 
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Figure 6.19: Relative sea-level calculations for Caribbean transect for the alternative models 
shown in figure 6.18 in which the ice was relocated 2.5 degrees latitude north (dotted) and south 
(dashed). Because the ice was relocated by simply adding or subtracting degrees of latitude onto 
the existing ice model, the north-south distribution of ice within each model changed. Because of 
this, sea-level curves were not simply shifted northwards or southwards, but also changed slightly 
in form, i.e. there is a substantial change in the gradient of sea level in the northern parts of the 
transect. 
The effect of a more northerly redistribution of ice within the prescribed margins during 
both the last deglaciation and MIS 5 are compared to the reference model in figure 6.21. 
This result demonstrates that · as ice is redistributed northwards, the total present-day 
deformation in the region of interest is reduced and shifted northward, producing a move-
ment of the relative sea-level maximum in that direction. 
In figure 6.22, the melting history of the reference model, which is based on the Licciardi 
et al. (1998) multi-domed model, is replaced with a single domed model with t he same 
volume throughout that period (similar to that from the ICE-1 model defined by Peltier 
and Andrews, 1976). Because this alternative model has slightly different ice margins and 
a different internal distribution of ice, it has the effect of shifting the sea-level maximum 
slightly to the south. In all of these alternative models that involve the redistribut ion of 
ice within the prescribed boundaries, the effect on relative sea level becomes less important 
with distance from the ice sheet. 
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Figure 6.20: Comparison of reference model ice distribution during sub-stage 5b, 5a and the LGM with alteinative models in which the ice is scaled down in the south and scaled ·up to 
compensate in the north. The results of the sea-level calculations with these alternative scenarios 
are shown in figure 6. 21. 
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Figure 6.21: Relative sea-level calculations for alternative ice models shown in figure 6.20. For 
a northward redistribution of ice during MIS 5 and the last deglaciation ( dashed) the location of 
the sea-level maximum is shifted northwards and the fall in sea level at northern sites is reduced. 
For a northward redistribution of ice during MIS 5 only, there is a minor shift in the sea-level 
maximum but the total gradient across the region is significantly increased. 
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Figure 6.22: Relative sea-level calculations for alternative ice model in which the LIS is a 
single domed model. As a result, the peak in sea level is shifted slightly to the south. 
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6.5 Observations versus model predictions 
Estimates of the sub-stage 5a sea level in the Caribbean region vary between rvl9m below 
present at Barbados to several metres above present on the US East Coast (see section 4.5 
in chapter 4). The highest apparent relative sea level occurs at those sites closest to the 
former Laurentide and estimates generally decrease with distance from the ice sheet (fig-
ure 6.23), with the exception of one observation at Bermuda, which does not fit into this 
trend and will be disregarded for now. Therefore, there is a roughly north-south gradient 
in sub-stage 5a sea level across this region. In this section, sub-stage 5a relative sea-level 
observations from sites across the Caribbean and surrounding regions ( discussed in sec-
tion 4.5 of chapter 4) are compared with model predictions, in order to place constraints 
on the earth and ice model parameters discussed above. 
The preliminary ice model, R-0 (figure 6.1), and reference Earth model (ma4A, table 6.2) 
were used to calculate the relative sea levels at the peak of sub-stage 5a for each of the 
study sites. The comparison of predicted sea levels from the preliminary reference model 
and observations from each site are shown in figure 6.23. 
The preliminary reference model produces a general trend of increasing relative sea level 
from the southern to the northern sites. However, there are some important differences 
between the calculated and observed trends: 
1. the predicted gradient is smaller than observed. 
2. the model predicts a relative sea-level maximum in the north of the study region and 
a fall in sea level at the northernmost site, Norfolk, Virginia, which is not evident in 
t he observations. 
3. the predicted relative sea levels at the Caribbean study sites are consistently less 
than observed 
In the following sections , I address each of these observable characteristics and demonstrate 
how the preliminary reference model can be modified to improve the correspondence of 
observations and model predictions. In section 6.6 , I discuss each of these modifications 
in more detail. 
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Figure 6.23: Comparison of observations of stage 5a relative sea level in PNG and the Caribbean 
and surrounding region with predicted sea levels, blue bars, from preliminary reference model , R-0 
(figure 6.1 ). Observations based on dated _ coral reefs, submerged speleothems, coral rubble units 
and undated or amino acid racemisation dated stratigraphic units. See section 4.5 in chapter 4 for 
details. The sea-level prediction for · Huon Peninsula is very close to the observed value because 
the preliminary model was based upon the Huon Peninsula sea-level record. 
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6.5.1 The gradient 
The observed gradient of sub-stage 5a relative sea-level across the central study region 
(between Barbados and South Carolina) is greater than predicted by the preliminary 
reference model, R-0 (figure 6.23). The predicted gradient can be increased by any or all 
of the following four model modifications (figure 6.24): 
1. Increasing lower mantle viscosity ( e.g. from 1 x 1022 Pas to 5 x 1022 Pas, figure 6.24a). 
This modification increases the predicted sea levels at all of the Caribbean sites, 
bringing them into better agreement with the observations. There is now good 
agreement between the predicted and observed sea levels at most of the sites, with the 
following exceptions: (i) the model still predicts a fall in sea level at the northernmost 
site of Norfolk, Virginia, which is not observed and (ii) the predicted sea level at 
Barbados is increased but remains lower than observed. 
2. Increasing the magnitude of the ice sheet during the last deglaciation ( e.g. by 20%, 
figure 6.24b). This modification produces an increase in relative sea level at each of 
the Caribbean sites ( except Barbados) and an increase in the general gradient in sea 
level across the central Caribbean region. In order for the predicted values to better 
match the observations by only increasing the deglacial ice volumes, the required 
upward scaling of the ice sheet would be inconsistent with other post-LGM sea level 
data from the North American region (Lambeck et al., 2002a). Again, a fall in sea 
level at Norfolk, Virginia is predicted by this model, which does not agree with the 
observations. 
3. A more northerly distribution of ice within the prescribed boundaries during sub-
stages 5d-5a (figure 6.24c). This modification also leads to an increase in relative 
sea-level predictions at each of the Caribbean sites, except Barbados, bringing them 
into a better agreement with the observations. Again, the model predicts a fall in 
sea level at Norfolk, Virginia which is inconsistent with the observations. A similar 
effect occurs if the MIS 5 ice sheet is shifted further north ( not shown here). 
4. Reducing the Laurentide Ice Sheet volume during sub-stages 5d-5a ( compensated 
by increase in far-field ice volume so that the equivalent sea level during th?,t pe-
riod remains the same) (e.g. by 50% figure 6.24d). This modification produces a 
significant increase of the predicted values at all the Caribbean study sites, whic:::h 
are now in better agreement with the observations. The predicted fall in sea level at 
the northernmost site, Norfolk, Virginia, is also slightly reduced, but not enough to 
be consistent with the observed trend. 
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Figure 6.24: Alternative models that increase gradient of relative sea level in the region of 
interest. a) Increase of lower mantle viscosity 1 x 1022 Pa s to 5x 1022 Pa s; b) Increase of the 
magnitude of the Lauren tide Ice Sheet during the last deglaciation (scaled by 1.2); c) More northerly 
distribution (scaling up of ice in north and scaling down in the south) of the Laurentide Ice Sheet 
during sub-stages 5d-5a, compared to the preliminary ice model (see figure 6.20); d) Scaling down 
of Laurentide ice sheet volume during 5d-5a, compared to the preliminary ice model (scaled by 
0.5). 
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6.5.2 The fall in sea level at Norfolk, Virginia 
The preliminary reference model predicts a spatial maximum in sub-stage 5a relative sea 
level within the study region, north of which the predicted relative sea level falls. However, 
a fall in sea level predicted for the northern-most site (Norfolk, Virginia) is not evident 
in the observations. It must be noted that the mean of the measured ages of the site 
above present sea level at Norfolk, Virginia is rv71±5 ka BP. Therefore, this deposit does 
not directly correspond to the 'classic' sub-stage 5a high-stand that is the focus of this 
study. Rather, it may correspond to the later sub-stage 5a feature identified at Barbados 
in this study ( rv77 ka BP). The glacio-isostatic effects for both high-stands at this site 
are expected to be similar and so the comparison remains valid ( discussed further in sec-
tion 6. 7 .1). 
The fall in sea level at the northernmost site can be reduced by one or both of the following 
model modifications (figure 6.25): 
1. Increasing upper mantle viscosity ( e.g. from 4 x 1020 Pa s to 6 x 1020 Pa s, fig-
ure 6.25a). This modification produces a significant decrease in the magnitude of 
the predicted fall in sea level at the northernmost site, Norfolk, Virginia. At some 
other study sites, this modification decreases the predicted relative sea levels, there-
fore producing poorer agreement with the observations. The predicted sea level at 
Barbados using this model remains well below the observed value. 
2. More northerly distribution of ice during both the last deglaciation and sub-stages 
5d-5a within the prescribed boundaries, (figure 6.25b). This modification also pro-
duces a decrease in the predicted fall in sea level at the northernmost study site, 
whereas the predicted values for the rest of the Caribbean sites are relatively un-
changed. The Barbados sea-level prediction is still well below the observed value. 
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Figure 6.25: Alternative models that act to either shift the spatial maximum in sea level 
northwards or decrease the rate of sea-level fall north of the maximum. a) increasing upper mantle 
viscosity from 4 x 1020 Pa s to 6x 1020 Pa s; b) more northerly distribution of ice during the last 
deglaciation and MIS5, ie scaling up in the north and scaling down in the southern parts of the ice 
sheet during those periods (see figure 6.20). 
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6.5.3 Barbados sea-level offset 
Most of the model modifications presented in sections 6.5.1 and 6.5.2 do not result in a 
significant change in the predicted sea level at Barbados. Any or all of the following model 
modifications can increase the predicted relative sea level at Barbados (figure 6.26): 
1. Decreasing Laurentide Ice Sheet ice volume during the entire sub-stage 5d-5a period 
( e.g. decrease by 50%, figure 6.26a) This change is compensated by an increase 
in far-field ice volume so that the equivalent sea level during that period remains 
the same). This modification (the same as in figure 6.24d) produces an increase in 
predicted sea level at each of the Caribbean sites, including a several metre increase 
at Barbados. This modification also produces a small reduction of the fall in sea 
level predicted for the northernmost study site. 
2. Raising ice-equivalent sea level at the peak of sub-stage 5a by introducing: 
(a) Extra far-field melt at the peak of sub-stage 5a (figure 6.26b). This leads to a 
near constant increase of predicted sea levels at all sites, including PNG, due 
to the increased equivalent sea level at that time. 
(b) Extra Laurentide Ice Sheet melt at the peak of sub-stage 5a (figure 6.26c). This 
produces an increase in the predicted sea levels at all sites, including PNG. The 
offset is not constant because sites close to the LIS experience additional glacio-
isostatic effects. 
The increase in equivalent sea level introduced for these models is not sufficient to 
match the observation at Barbados, but the difference could be made arbitrarily 
larger. 
3. Increasing lower mantle viscosity ( e.g. from 1 x 1022 Pa s to 5 x 1022 Pa s, fig-
ure 6.26d). This modification (also seen in figure 6.25a) increases the sea level 
at each of the sites, including Barbados. However, this modification also enhances 
the predicted fall in sea level at the northernmost site, which is not consistent with 
the observations. 
4. Decreasing upper mantle viscosity (e.g. _ from 4x 1020 Pa s to 2x 1020 Pa s, fig-
ure 6.26e). This modification produces an increase in the predicted sea level at 
Barbados, which is more consistent with the observations. However, this modifica-
tion shifts the location of the sea-level maximum further south and enhances the fall 
in relative sea level at the northern sites. 
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Figure 6.26: Alternative models that act to increase the sea level at each of the study sites: 
a) decreasing Laurentide Ice Sheet volume by 50% during sub-stages 5d-5a, compensated by an 
increase in far-field ice volume; b) extra far-field melt at the peak of sub-stage 5a; c) extra Lauren-
tide Ice Sheet melt at the peak of sub-stage 5a; d) increase in lower mantle viscosity from 1 x 1022 
Pas to 5x1022 Pas; e) decrease in upper mantle viscosity from 4xl020 Pas to 2xl020 Pas 
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6.6 Justification for model modifications 
In the previous sections, I have presented a number of alternative models that act to 
improve the correspondence between predicted and observed sea levels for the sub-stage 
5a high-stand at the Caribbean study sites. A summary of these sometimes conflicting 
model modifications follows: 
1. Mantle viscosity changes: 
(a) Increase in lower mantle viscosity 
(b) Increase in upper mantle viscosity 
( c) Decrease in upper mantle viscosity 
2. Ice sheet modifications: 
(a) Decrease in Laurentide Ice Sheet (LIS) ice volume during sub-stages 5d-5a 
(b) Northward redistribution (or shift) of LIS during MIS 5 
( c) Northward redistribution of LIS during the last deglaciation 
( d) Increase of LIS volume during last deglaciation 
(e) Extra far-field or LIS ice melt during sub-stage 5a 
Table 6.3 summarise the effect each of these model modifications has on each of the three 
observable characteristics discussed in the preceding sections. The likelihood of each of 
these model modifications is addressed in the following sections. 
6.6.1 Mantle viscosity changes 
Lower mantle viscosity increase 
An increase in lower mantle viscosity ( e.g. from 1 x 1022 Pa s to 5 x 1022 Pa s in fig-
ure 6.24a), acts to increase the gradient of predicted relative sea level across the region 
of interest , hence improving the correspondence between observed and predicted relative 
sea levels. Okuno and Nakada (2001) suggest lower mantle viscosity is greater than 1022 
Pa s. Using an inverse modelling technique Kaufmann and Lambeck (2000, 2002) place an 
upper limit of 1-3 x 1022 Pa s o~ the volume-averaged viscosity of the lower mantle. Ro-
tational considerations also place an upper limit on the lower mantle viscosity of around 
this magnitude (Johnston and Lambeck, 1999). Based on observations of sea level during 
t he last deglaciation from far- and intermediate-field sites, Lambeck et al. (2002c) suggest 
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Local Barbados 
Gradient maximum sea level 
Lower mantle viscosity increase ✓ ✓ 
Upper mantle viscosity increase ✓ 
Upper mantle viscosity decrease X X ✓ 
MIS 5 LIS volume decrease ✓ 
MIS 5 LIS northward shift ✓ 
Last deglaciation LIS northward shift ✓ 
Last deglaciation LIS volume increase ✓ 
Sub-stage 5a ice-equivalent sea level increase ✓ 
Table 6.3: Summary of the model modifications and t heir influence on the agreement between 
t he predicted and observed sub-stage 5a sea levels for the region of interest. A t ick indicates that 
the particular modification improves the agreement, a cross indicates that t he modification reduces 
t he agreement, and the blank means t hat t here is no significant change. 
an appropriate value for the global lower mant le viscosity is 3 x 1022 Pa s. Seismic studies 
of S-wave velocity and lateral attenuation suggest t here is less lateral variability in tem-
perature in the lower mant le t han in t he upp er mant le (Romanowicz, 1998) and therefore 
lateral variation in lower mant le viscosity may also be less important than in the upper 
mantle. 
lthough the above viscosity estimates are dependent on the ice models used in the cal-
culations, it is apparent that lower mantle viscosity may be higher than the 1 x 1022 value 
used in the reference earth model (ma4A) but not as high as the 5 x 1022 Pas value invoked 
in section 6.5.1 (ma4E) . I adopt a value of 3±1 x 1022 P a s for lower mantle viscosity in 
subsequent calculations . 
Upper mantle viscosity increase 
n increase in upper mantle viscosity ( e.g. from 4x 1020 Pa s to 6 x 1020 Pa s in fig-
ure 6.25c) acts to reduce the predicted fall in sea level at the northernmost site of l orfolk 
irginia producing a result that is more consistent with the observations of sea level 
at that site (figure 6.25c) . However a decrease in upper mantle viscosity ( e.g. from 
4x l020 Pas to 2x l 020 Pas in figure 6.26e) acts to increase the predicted relative sea 
levels at the sites in the southern Caribbean bringing them into better agreement with 
the obser ations while drasticall decreasing the es imates for sites on the S East Coast . 
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The inverse modelling by Kaufmann and Lambeck (2000, 2002), based on deglacial and 
post-glacial sea-level observations from around the world, suggests upper mantle viscosity 
lies between 2-l0x 1020 Pa s (global volume average value of 7x 1020 Pa s). Okuno and 
Nakada (2001) also suggest a similar range for upper mantle viscosity (4-10xl020 Pas) 
based on observations of sea-level change and other geophysical signals. The Earth mod-
els used in the modelling of glacio-hydro-isostatic rebound do not contain lateral mantle 
viscosity variability. However, seismic shear-wave and attenuation measurements suggest 
that there are lateral variations in the physical properties of the upper mantle, such as 
temperature (Romanowicz, 1998). Hence, we expect the viscosity of the mantle may also 
vary spatially. In particular, seismic studies suggest that the mantle beneath the North 
American shield region is 'colder', and hence may have a higher viscosity than other parts 
of the mantle, including the southern Caribbean (Grand, 1994; van der Lee and Nolet, 
1997). Indeed, studies of deglacial and Holocene sea-level change suggest that upper man-
tle viscosity beneath North America is higher than other regions including beneath the 
southern Pacific, Australasia and northwestern Europe (Nakada and Lambeck, 1991). 
It is apparent that higher values of upper mantle viscosity (ie 4-6 x 1020 Pa s) may be 
more appropriate for determining the isostatic response at sites in and near the North 
American shield ( the location of the Laurentide Ice Sheet) and that lower values (ie 2-
4 x 1020 Pas) may be more appropriate for the mantle beneath southern Caribbean sites. 
Therefore, a single value for upper mantle viscosity may not be representative of the en-
tire study region. As yet, there is no satisfactory earth model formulation that contains 
lateral mantle variability. In the following calculations, I adopt a range of values for upper 
mantle viscosity of 2-6 x 1020 Pa s to allow for uncertainty in the calculated sea levels due 
to lateral variability in the upper mantle. 
6.6.2 Ice model modifications 
Marine isotope stage 5 
A northward shift of the LIS during sub-stages 5d-5a ( or a redistribution of ice within 
the prescribed boundaries) and a reduction in its volume both lead to an increase in the 
predicted gradient of sea level across the region of interest at the peak of sub-stage 5a. 
Because sub-stage 5a sea levels are much more sensitive to the melting history of the LIS 
immediately prior to this event (i.e. sub-stage 5b) compared to earlier times (5d-5c), this 
constraint is much stronger for the late MIS 5 period. 
Due to the dearth of preserved geologic indicators of ice extent prior to the LG M, the 
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melting history of the LIS during the sub-stage 5d-5a period is poorly constrained. How-
ever, in a review of the geologic evidence of the initiation of the Laurentide Ice Sheet after 
the last interglacial period, Clark et al. (1993) suggest that the LIS first developed in 
the north, over Keewatin Quebec and Baffin Island. Soon after the end of the last inter-
glacial period (perhaps during sub-stage 5d), the ice advanced in a northeast to easterly 
direction across Baffin Island and onto the continental shelf. An advance into the Western 
Canadian Arctic may have occurred later during MIS 5 (perhaps sub-stage 5b). There is 
no evidence of southward ice advance into the St Lawrence Lowlands at any time during 
sub-stages 5d-5a. Only during and after the MIS 5/4 transition did ice advance into the 
southern sector, across the St Lawrence Lowlands and the Great Lakes region (Clark et 
al., 1993). Kleman et al. (2002) use a 'time-dependent mass-balance driven finite-element 
model' to calculate a glaciation history for the LIS that is consistent with geologic obser-
vations. This model predicts that ice build-up initially occurred over Ellesmere and Baffin 
Islands and by 90 ka (sub-stage 5b-5a) ice cover remained centred over the central Arctic 
region (Baffin and Somerset Islands and Melville and Boothia Peninsulas), which is largely 
consistent with Clark et al. 's (1993) constraints. Kleman et al. 's (2002) model suggests 
that during the entire sub-stage 5d-5a period the contribution of the LIS to the global 
ice volume never exceeded 15 m of equivalent sea level. This suggests that the rv60 m 
lowering of ice-equivalent sea level during sub-stage 5d, inferred from the Huon Peninsula 
record may have been due to a build up of ice in other ice sheets such as the Eurasian 
and Antarctic ice sheets. 
Based on field observations (Clark et al., 1998; Kleman et al. 2002), it is apparent that a 
more realistic model is one in which the sub-stage 5d-5a ice is shifted even further north 
(figure 6.24c) and the olum~ is smaller (figure 6.24d and 6.26a) during the entire period 
than as assumed for the preliminary reference model (R-0 section 6.2). 
Ice-equivalent sea level at sub-stage 5a 
The obser ed sub-stage 5a Barbados sea level is significantly higher than the value pre-
die ed u ing the preliminar reference model. If an increase in ice-equivalent sea level 
alone is invoked to increase he predicted Barbados sea le el to be consistent with the 
obser a ions at that site then the predicted sea le el for Huon Peninsula would no longer 
match the obsened alue (see figure 6.26b). Howe er here are o her model modifica-
tions that lead to an increase of Barbados sea le el without requiring a change in the 
ice-equi alent sea le el such as decreasing MIS 5 LIS ice olume increasing lower mantle 
iscosi and decreasing upper mantle viscosit (figure 6.26a d and e). 
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The last deglaciation 
The alternative models discussed in sections 6.5.1 and 6.5.2 include modifications to the 
melting history of the LIS during the last deglaciation. The 'recent' melting history of the 
LIS ( during the latter part of the last glacial cycle) is an important part of determining the 
apparent relative sea level of past events because it controls the present-day deformation 
of the earth in the region of interest ( section 5. 6. 6). 
Increasing the volume of the LIS during the last deglaciation ( e.g. in figure 6.24b) improves 
the correspondence of the predicted and observed sea levels by increasing the predicted 
gradient in sea level across the study region. The volume of the Licciardi -et al. (1999) 
maximum ice model is dependent on the choice of effective viscosity of the underlying till. 
In the case of the maximum ice volume reconstruction, the viscosities used are within the 
range reported by Paterson (1994) for till beneath modern glaciers. A hard bedded ice 
model (Boulton et al., 1985) may allow for an even greater LIS ice volume ( equivalent 
to as much as 80 m sea level), however an increase in the volume during the entire last 
deglaciation period may be inconsistent with post-LGM sea-level observations (Tushing-
ham and Peltier, 1991; Lambeck et al. 2000). The volume of the LIS at the LGM in the 
preliminary reference model was already scaled up by 30% from Licciardi et al. 's (1998) 
maximum ice reconstruction ( to a value of 1"..165 m equivalent sea level) and I assume no 
further increase in the following discussion. 
A northward shift ( or redistribution of ice within the prescribed boundaries) of the LIS 
during the last deglaciation acts to reduce the predicted fall in relative sea level at the 
northernmost study sites (figure 6.25b). A shift of the LIS during this period can be ruled 
out because the ice margins during the last deglaciation are well constrained. The distri-
. . 
bution of ice within the given boundaries is not precisely constrained and_ the preliminary 
model is dependent on dynamical ice models and is therefore subject to uncertainties. 
However , it is unlikely that the LGM distribution of ice was centred significantly further 
north t han that suggested by the maximum, multi-domed model proposed by Licciardi et 
al. (1998) . A single domed model is centred slightly further south (figure 6.22). 
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Likely 
Increase in upper mantle viscosity ( at US coastal sites) 
Decrease in upper mantle viscosity (at southern Caribbean sites) 
Increase in lower mantle viscosity 
Decrease in Laurentide Ice Sheet (LIS) ice volume during MIS 5 
Northward shift of LIS during MIS 5 
Possible 
Increase in ice-equivalent sea level during sub-stage 5a 
Increase of LIS volume during last deglaciation 
Unlikely 
Northward shift or redistribution of LIS during the last deglaciation 
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Table 6.4: Likelihood of the individual model modifications, relative to the preliminary reference 
model, dealt with in sections 6.5.1, 6.5.2 and 6.5.3 and discussed in section 6.6.2. 
6.6.3 Preferred model for sub-stage 5a 
In the previous section, I discussed a number of model modifications that act to improve 
the correspondence between predicted and observed sea levels in the region of interest. 
The likelihood of each of these are summarised in table 6.4. The changes in the ice and 
earth models are with respect to the preliminary ice model R-0 and the reference earth 
model ma4A. The model modifications that are considered 'likely' or 'possible' are: 
1. Increase in upper mantle viscosity (at US coastal sites) 
2. Decrease in upper mantle viscosity (at southern Caribbean sites) 
3. Increase in lower mantle viscosity 
4. Decrease in Laurentide Ice Sheet (LIS) ice volume during MIS 5 
5. Northward shift of LIS during MIS 5 
6. Extra far-field or LIS ice melt during sub-stage 5a 
The estimated range of values for the upper and lower mantle viscosities are 2-6 x 1020 Pa 
(possibly spatially variable) and 3±1 x 1022 Pas respectively. The results of the comparison 
of sub-stage 5a observations with predicted sea levels in this chapter are consistent with a 
LIS that was centred further north during sub-stages 5d-5a than it was after the MIS 5/4 
transition and that its volume was significantly smaller than defined in the preliminary ice 
model, R-0 (figure 6.1 and 6.3). These general conclusions are consistent with additional 
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field data from this region (Clark et al., 1993). However any further constraints cannot be 
made based on the existing observations. The modified ice model will be referred to as R-1. 
Figure 6.27 shows a comparison of the sub-stage 5a sea-level observations with the sea-
level predictions from the preliminary reference model (R-0 and earth model ma4A, blue 
bars) and the sea-level predictions from an alternative model (R-1, red). The R-1 results 
in figure 6.27 span the range of predictions for the four earth models at the extreme ends of 
the viscosity ranges quoted above (ma4B, ma4D, ma2C and ma6C, see table 5.1 for earth 
model parameters). The sea levels predicted by the alternative model, R-1, are in good 
agreement with the observations within the range defined by the various earth rheological 
models. In this ice model, the ice-equivalent sea level at the peak of sub-stage 5a is rv28 
m below present. 
In this R-1 alternative model the volume of the Laurentide was reduced by 50% during 
the period 5d-5a and the volume of the Antarctic Ice Sheet was increased to maintain the 
ice-equivalent sea level defined in the preliminary model. As a result of this scaling, the 
volume of the Antarctic Ice Sheet approaches that of its LGM size during the stadials 5d 
and 5b, and the change in ice volume (relative to the present day) is larger than for the LIS 
during this period. There are few constraints on the magnitude of the Antarctic Ice Sheet 
prior to the LGM, and although there are suggestions that there was a large expansion of 
the Antarctic Ice Sheet following the last interglacial period, it is difficult to say whether 
it reached its LGM size. Alternatively, the same effect could be achieved by relocating 
the extra ice to other far-field regions such as northern Europe or Russia. Instead, if the 
volume of extra far-field ice is left unchanged during the stadial events, this raises the ice-
equivalent sea--level at those times by ,..__, 15 m, but does not have a significant effect on the 
predicted sea levels for the Caribbean sites ( <1.5 m). This is because the most important 
isostatic contribution to relative sea level in the region of interest at the peak of stage 5a 
is from glacio-isostatic effects of the Laurentide Ice Sheet. The ice-equivalent sea level for 
'those st adial events was based on the position of raised stream deltas at H uon Peninsula, 
but the constraints are relatively uncertain (up to ±10 m, Lambeck and Chappell, 2001). 
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Figure 6 .27: Sea-level predictions for sub-stage 5a reference model with earth model (blue) 
and modified ice model R-1 with a range of reasonable earth rheologies discussed in the text 
(red). The predicted trend of sea levels across the study region agrees well with the observations. 
Although many uncertainties remain about the detail of the global ice history during MIS 5, the 
good agreement be ween the observed and predicted sea levels indicates that the ice model R-1, 
discussed in the previous sections is a reasonable alternative for the Laurentide during MIS 5. 
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6. 7 Other time periods 
At the peak of the classic sub-stage 5a event, relative sea level in the Caribbean region 
ranged between rv 19 m below present at Barbados to above present sea level in Bermuda 
and the US East Coast. Therefore, sub-stage 5a deposits are often easily accessible and, 
as a consequence, are relatively well documented when compared to some of the other 
interstadial sea levels. For other time periods, other than the Holocene and the last in-
terglacial high-stand (sub-stage 5e), evidence of relative sea-level change has often been 
overprinted or destroyed by subsequent sea-level transgressions. For the existing docu-
mented evidence of the other sub-stage 5a and 5c events, timing constraints and spatial 
coverage are generally poor. In this section, I briefly examine the evidence of sea level in 
the Caribbean region during a number of other time periods and comment on how these 
observations may be used to place constraints on sea-level history during that period. 
6. 7 .1 Additional sub-stage 5a event 
The results of the present study indicate a distinct sea-level feature at rv77 ka BP at 
Barbados. There is some evidence for this event elsewhere: 
1. At Bermuda, four samples from the coral rubble deposit just above present sea level 
analysed by Ludwig et al. (1996) have ages of 82.4, 82.3, 77.9 and 77.2 ka. Muhs 
et al. 's (2002) analysis of the same deposit give ages ranging between 78.3 and 84.0 
ka. Perhaps this deposit contains corals corresponding to both the sub-stage 5a 
sea-level events identified at Barbados. This suggests that because the sea le·vels of 
both events were similar at this location, they are recorded in the same coral rubble 
unit, or the two sub-stage 5a events at Barbados may represent a single, prolonged 
highstand. 
2. The analysis of coral samples from the marine facies deposits at >3 m above sea level 
at Norfolk, Virginia give a mean age of rv71±5 ka (Cronin et al., 19.81; Szabo, 1985) 
or range between 72-84 ka (J. Wehmiller, pers. comm.). Therefore, this deposit 
appears to correspond to the younger sub-stage 5a deposit at Barbados. 
3. The undated, reef Vb terrace at Huon Peninsula, PNG, has been assumed to be 
related to the rv77 ka event identified at Barbados based on a simple ·correlation of 
terrace features. The ice-equivalent sea level ( rv-49 m) for tbis event in the prelim-
inary model, R-0 (and R-1) was assigned by Lambeck and Chappell (2001). The 
sea-level calculations for this event (in chapter 4) differ slightly from the Lambeck 
and Chappell (2001) value and suggest ice-equivalent sea level was higher (rv-40 m) 
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at that time. 
Figure 6.28 shows a comparison of the observations associated with this secondary sub-
stage 5a event with the predicted sea levels using the new model (R-1) established in 
section 6.6.3 (red bars). The predicted sea levels at all the Caribbean sites are well below 
the observed values. Even increasing the ice-equivalent sea level to rv40 m ( as suggested 
by the revised calculations in chapter 4) does not bring the predicted and observed values 
into agreement. This implies that there may be a problem either with the chronology 
assigned to that feature (reef Vb) at Huon Peninsula, or with the elevation used for the 
calculation of sea level (reef Vb at Huon Peninsula is not well developed). Perhaps the 
Huon Peninsula reef Vb does not, in fact, represent the same 77 ka BP sea-level event 
identified at Barbados in this study. Further dating efforts at Huon Peninsula are required 
to establish the age of the Vb reef. As an alternative, if the equivalent sea level at this time 
of this event is increased such that the global ice distribution at this time is equal to that of 
the earlier sub-stage 5a feature (as defined in R-2, figure 6.29), then the predicted sea levels 
are more consistent with the observed values across the Caribbean region (figure 6.28, blue 
bars). This is the preferred model for this sub-stage 5a period (R-2) . The ice-equivalent 
sea level associated with this 5a event is rv28 m below present (at rv77 ka BP), which is 
similar to that of the other 5a feature ( at rv84 ka BP). 
6. 7.2 Sub-stage 5c 
Sub-stage 5c deposits are scarce in the Caribbean region, possibly because the relative 
sea levels associated with the event were slightly lower than during sub-stage 5a and were 
overprinted or destroyed during the latter sea-level transgression. Evidence of sub-stage 
5c sea level is summarised here: 
1. Barbados - the results of the present study suggest that sub-stage 5c sea level at 
rvl0l ka reached rv-15±4 m. 
2. Haiti - the data of Dodge et al . . (1983) suggest sea level during sub-stage 5c reached 
a peak of -10±4 m. 
3. Bahamas - a submerged speleothem retrieved from >8.5 m below present sea level 
contains a growth hiatus between rvl08 ka and 93 ka BP (Lundberg and Ford, 1994; 
Toscano and Lundberg, 1999). There is no evidence of boring activity in that hiatus, 
which would indicate submergence in a marine environment. Therefore, Lundberg 
and Ford (1994) suggest that this hiatus represents inundation with freshwater when 
sea level rose to (or just above) that level during sub-stage 5c. Richards et al. (1994) 
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Figure 6.28: Observed and predicted sea levels for the additional sub-stage 5a feature identified 
in this study (at 77 ka). Red - predicted sea level for the new reference model R-1 and blue - pre-
dicted sea level for an alternative model (R-2) in which the global ice distribution is approximately 
the same for both sub-stage 5a sea-level high-stands. The 'error' ranges represent the range of 
preferred earth models. 
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suggests that a hiatus in speleothem growth need not be indicative of submergence, 
but rather represents a change in ground-water recharge conditions. This leaves open 
the possibility that sea level may have remained below the level of this speleothem. 
4. Bermuda - U-Th dating of submerged speleothems suggest that sea level remained 
below -15 m during sub-stages 5a and 5c (Harmon et al., 1978, 1983). As I discussed 
in section 4.5, chapter 4, these age determinations may be uncertain. In contrast, 
dating of coraliferous samples from a submerged ridge on the Bermuda platform 
suggests sub-stage 5c sea level rose to at least -12 m below present (Vollbrecht, 
1990). 
5. The two reefs of sub-stage 5c age (VIa and VIb) at Huon Peninsula (section 4.3.2) 
suggest that there was more than one sea-level transgression during that interstadial. 
In the preliminary ice model, R-0, which was based on the Huon Peninsula terraces, 
these events are assigned ages of 107 ka and 100 ka (see section 4.3.2) and correspond 
to ice-equivalent sea levels of rv20 m and 40 m respectively. However, these estimates 
are poorly constrained. 
The age constraints for the sub-stage 5c data for many of the Caribbean sites is not suf-
ficient to establish which of these events is being recorded at each of the sites. For this 
reason, the predicted sea levels for both events are compared with the Caribbean sub-stage 
5c observations. Figure 6.30a shows a comparison of the sub-stage 5c observations with 
the predicted sea levels (for both high-stands) at the Caribbean sites using the new ref-
erence model (R-1) proposed in section 6.6.3. Initially, I assume that the reef VIb, which 
is the minor feature at H uon Peninsula ( adopted age of ,..__, 100 ka), corresponds to the 
sub-stage 5c event identified at Barbados (101 ka B) because of the chronology assigned 
to those deposits. Using the -R-1 model, the predicted sea level for the ,..__, 101 ka feature 
at Barbados is well below the observed level ( orange bars, figure 6.30a). Figure 6.30b 
shows the predicted sea level for an alternative model (R-2, defined in figure 6.29) in 
which global ice distributions are approximately the same at 100 ka and 107 ka (in this 
case ice-equivalent sea level at both of these times is rv20 m below present). The sea level 
predictions for the ,..__, 100 ka feature are now no longer consistent with the Huon Peninsula 
reef VIb estimates, but they produce a much better match with the existing Caribbean 
observations, particularly at Barbados. These changes to sub-stage 5c melting history do 
not have a significant effect on the predicted sea levels for the sub-stage 5a events. 
The reason for the inconsistency between the Huon Peninsula and Barbados sub-stage 
5c sea levels may be due to a problem with the chronology assigned to the Huon Peninsula 
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Figure 6.29: Alternative ice equivalent sea-level models. R-0 - preliminary ice model; R-1 - no 
change in ice-equivalent sea level but a change in the global distribution of ice as discussed in the 
text in s-ection 6.6.3; R-2 and R-3 - changes to ice-equivalent sea level as shown. 
reefs (and/or the Barbados event). The major 5c constructional feature at Huon Penin-
sula is reef VIa (assigned an age of 107 ka), however the chronology assigned to the Huon 
reefs suggests that the major 5c Barbados feature (101 ka) corresponds to the minor Huon 
Peninsula reef VIb ( rv 100 ka). If the Barbados 5c event is instead correlated with the 
major Huon reef VIa platform, the predicted and observed sea levels at the two locations 
would be in better agreement. Consider an alternative model (R-3) in which an intermedi-
ate age of 104 ka is adopted for the major sub-stage 5a peak at an ice-equivalent sea level 
of -20 m (figure 6.29). In this model, it is assumed that this high-stand corresponds to the 
major reef VIa deposit at Huon Peninsula and also to the sub-stage 5c highstand identified 
at Barbados (this study). This age is within the quoted uncertainty of the Huon Penin-
sula deposit and would be consistent with an extended age range of the Barbados deposit 
(assuming the scatter of the U-Th represents a true period of reef growth, section 3.5). In 
this case, the predicted and observed sea levels for this major sub-stage 5c feature at both 
sites agree within uncertainties (figure 6.30c). 1 This is the preferred model for this time 
period. However only further comprehensive dating of the sub-stage 5c terraces at Huon 
Peninsula will be able to resolve this matter. In model R-3 , the second sub-stage 5c event 
at Huon Peninsula has also been shifted to younger age (figure 6.29). 
The predicted gradient in relative sea level across the region of interest is smaller for the 
sub-stage 5c feature than for the sub-stage 5a event. The peak sub-stage 5c sea level 
1 o alteration to the Huon Peninsula 'observed' sea-level estimate has been made using the new age 
of 104 ka in this comparison. This change would shift the estimate to a higher sea level but would still be 
within the quoted uncertainty range. The Barbados estimate has also been left unchanged. This change of 
age would lower the sea-level estimate at this site by a small amount well within the quoted uncertainty. 
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Figure 6.30: Observed and predicted sea levels for the sub-stage 5c sea-level features at rvlOO 
ka and rv 107 ka for a) the new reference model R-1; b) an alternative model R-2 in which the 
global ice distribution for the 107 and 100 ka events are the same; and c) an alternative model 
R-3 in which the major Barbados and Huon Peninsula events are correlated and assigned an age 
of 104 ka. The 'error' ranges represent the range of preferred earth models. 
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in this model occurs immediately following the deglaciation from the sub-stage 5d stadial 
compared to the 5a peak, which in this model follows a more gradual deglaciation from the 
5b stadial. (The effect of the melting history of the LIS immediately prior to a sea-level 
event of interest was demonstrated in section 6.4.2). This difference may explain why al-
though the ice-equivalent sea level at sub-stage 5c may be higher than at 5a, sub-stage 5a 
deposits are more commonly found at locations in the northern Caribbean than sub-stage 
5c deposits. More spatially distributed sub-stage 5c sea-level observations are required to 
confirm this suggestion and to place better constraints on the sub-stage 5c melting history. 
6. 7.3 Sub-stage 5e - the last interglacial period 
Sub-stage 5e sea-level observations in the same region do not display the same gradient 
in sea level as observed for sub-stage 5a deposits (see section 4.5 in chapter 4). With-
out presenting detailed calculations of sea-level change for the last interglacial highstand, 
which is beyond the scope of this thesis, there is a simple conceptual explanation for why 
we expect no significant gradient of 5e deposits across that region. If the penultimate 
deglaciation of the LIS was roughly similar to the last deglaciation then the isostatic-state 
of the Earth during the last interglacial period (relative to an equilibrium state) would 
have been similar to that of the Holocene and the present day. In this case we expect little 
or no gradient in the peak elevation of last interglacial deposits relative to the Holocene 
sea levels (see section 5.6.6 in chapter 5). Contour maps of the sea level in the Caribbean 
region at the peaks of sub-stages 5a and 5c and the end of the last interglacial period are 
shown in figures 6.31a, b and c and these demonstrate the difference in the behaviour of 
relative sea level across the region at each of these times. 
6. 7.4 Preferred MIS 5 sea-level model 
Based on the comparison of the observed and predicted sea levels for the sub-stage S'c and 
5a events that are recorded at both Huon Peninsula and Barbados the following preferred 
model of ice equivalent sea level during the last glacial cycle is proposed: 
1. An ice-equivalent sea level of rv28 m below the present at 84 ka (peak of 5a) is consis-
tent , within the uncertainties of the earth rheology, with the observations of sea level 
for that event at Huon Peninsula and across the Caribbean region (section 6.6.3). 
2. The paleo-sea level for the secondary sub-stage 5a feature (at rv77 ka) inferred from 
Huon Peninsula is not well constrained due to the lack of datable material in the 
reef Vb deposit. In the preliminary model, R-0, the ice-equivalent sea level at that 
time is assigned a value of -49 m. As a consequence, the sea level predicted for 
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F igure 6 .31: Contour plots of relative sea level in the Caribbean region at the peak of sub-stages 
5a (84 ka BP) and 5c (104 ka BP) and the end of the last interglacial period, sub-stage 5e (120 
ka). The preferred ice model R-3 and earth model ma4C were used for this calculation. There is a 
significant gradient across the region predicted for the sub-stage 5a and 5c events. This gradient 
is a consequence of the difference in the glacio-isostatic components at those times relative to the 
present day. At the end of the last interglacial period, the deformation of the earth in this region 
was similar to the present day so there is no significant change in the relative sea level across this 
region at that time. 
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Figure 6.32: ·comparison of observed and predicted sea levels at Huon Peninsula and Barbados 
for the preferred ice model, R-3 , and a range of earth model parameters (as for figure 6.27).· Notice 
that the predictions at these locations are not particularly. sensitive to the choice of earth model. 
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this event at Barbados is rv-41 m, which is obviously inconsistent with the observed 
value at Barbados of rv-19 m (present study). The preferred model is one in which 
the ice-equivalent sea level and global ice distribution for the secondary sub-stage 
5a event (at rv77 ka) is similar to that of the 'classic' sub-stage 5a event (at rv84 ka) 
and has a value of rv28 m below present. This is the case for the alternative models 
R-2 and R-3 shown in figure 6.29. 
3. Based on the original ice-equivalent sea-level model, the predicted sea level for the 
""'101 ka event at Barbados is well below the observed value ( correlating the minor 
Huon reef VIb with the sub-stage 5c Barbados event). As an alternative, I suggest 
that the major reef feature at Huon (reef VIa), originally assigned an age of 107 ka, 
instead corresponds to the '101 ka' event at Barbados. If an age of rvl04 ka is adopted 
to represent this event at both localities ( on the outer limits of the uncertainties for 
each of these deposits), then there is no longer a major discrepancy between the 
predicted and observed values for these two sites. This is the preferred model for 
this event (R-3 in figure 6.29). 
Further investigation of the MIS 5 reefs at Huon Peninsula should be conducted to better 
constrain the ages of these deposits. 
A modified ice-equivalent sea-level curve and ice partition model for the preferred model 
R-3 is shown in figure 6.33 (compared to the preliminary model R-0 described in figure 6.1). 
This alternative ice model includes the following modifications: 
1. A 50% decrease in MIS 5 ice volume (section 6.6.3). 
2. Global ice distribution _for the two sub-stage 5a events (at 84 ka and 77 ka) have 
been made approximately equal. 
3. The major sub-stage 5c highstand has been shifted from 107 ka to 104 ka BP ( and 
the timing of the minor sub-stage 5c oscillation shifted from 100 ka to 98 ka). 
A reduction of the Antarctic ice volume ( or other far-field ice sheets) during the stadial 
periods (5d and 5b) can be made without a significant effect on the sub-stage 5a and 5c 
highstand predictions. Further investigation of MIS 5 sea levels in the region surrounding 
the Laurenti de Ice Sheet is clearly required to establish a more detailed ice melting history 
for that time period. 
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Figure 6.33: Comparison of preliminary ice partition model R-0 with revised model R-3. The 
R-3 preferred model is described in the text. Contribution of six major ice sheets to total ice 
volume expressed in ice-equivalent sea level: Laurentide, Antarctic, Fennoscandian, Greenland, 
Cordilleran and Innuitian Ice Sheets. The volume of the Antarctic Ice Sheet at the stadial events, 
ie sub-stages 5d .and 5a, can be reduced without significantly affecting the sea-level predictions for 
the interstadial events. · 
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6.8 Conclusions 
The apparently conflicting observations of sub-stage 5a sea level in the Caribbean region 
have been the subject of much controversy in recent years. For example, estimates vary 
from rvl9 m below present sea level in Barbados (this study), to 6-10 m below present 
at Florida (Ludwig et al., 1996; Toscano and Lundberg, 1999), and to above present 
sea level at Bermuda and on the US East Coast (Cronin et al., 1981; Szabo, 1985). Re-
searchers have suggested reasons for this range of estimates, including non-in situ deposits, 
poor stratigraphic interpretation and uncertainties in tectonic setting. In this chapter, I 
have demonstrated that these estimates are reconciled by taking into account the effects 
of glacio-hydro-isostasy and that this variability can be used to constrain models of the 
Earth's rheology and ice sheets during the last glacial cycle. 
Local sea-level change reflects the superposition of ice-equivalent sea-level variations and 
the deformation of the Earth's surface and perturbation of the geoid in response to changes 
in ice and water surface loading. The magnitude of these glacio-hydro-isostatic effects at 
a given site is a complex function of the melting history of ice sheets, the rheology of 
the Earth and coastline geometry. The isostatic contribution to sea level at any given 
time is the difference between the isostatic components at the time of interest (relative 
to an equilibrium state) and at the present day. At the peak of sub-stage 5a, the glacio-
isostatic contribution to sea level across the Caribbean region (relative to an equilibrium 
state) varies only gradually with distance from the ice sheet. But at the present day, 
the Earth is still relaxing following the changes in surface loads associated with the last 
deglaciation. The present day collapsing peripheral bulge contributes a rv20 m gradient 
in glacio-isostatic component across the Caribbean region and the relative sea level for 
sub-stage 5a will reflect a similar gradient. The prediction of this gradient is robust but 
its magnitude varies as a function of the melting history of the Laurentide Ice Sheet both 
before and after the time of interest and the viscoelastic rheology of the Earth. These 
same concepts also apply to other time periods such as MIS 3 (section 4.5), but these are 
not dealt with here. 
In this chapter, I have used a preliminary reference model of ice melting history and earth 
rheology to calculate sub-stage 5a sea-level predictions for a number of sites throughout 
the Caribbean and surrounding region that were then compared to the observed values 
at those locations. Although there is a trade-off between the ice and earth model pa-
rameters, constraints can be placed on these by combining (i) comparisons of spatially 
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and temporally distributed relative sea-level observations and predictions, (ii) geological 
observations of ice extent and (iii) inferences of rheological structure of the Earth from 
other geophysical observations. 
The following modifications to the preliminary reference model (R-0 and ma4A) has led 
to an improvement of the agreement between the predicted and observed sub-stage 5a sea 
levels and that are also consistent with the conclusions of other studies. 
1. Changes to earth _ rheology 
( a) Increase in upper mantle viscosity at US coastal sites (from 4x 1020 Pa s to 
6 x 1020 Pa s) - this modification improves the agreement of model predictions 
with observations by shifting the peak of the predicted maximum sea level 
towards the ice and is consistent with the results of seismic studies which imply 
a higher viscosity upper mantle in the North American shield region, beneath 
the Laurentide Ice Sheet (Grand, 1994). 
(b) Decrease in upper mantle viscosity at southern Caribbean sites (from 4x 1020 Pa 
s to 2x 1020 Pas) - this modification raises sea-level predictions at the southern 
Caribbean sites of Barbados and Haiti and is consistent with the conclusions 
of other LGM and deglacial sea-level studies (Lambeck et al., 2002c). 
( c) Increase in lower mantle viscosity (from 1 x 1022 Pa s to 3 x 1022 Pa s) - this 
increases sea-level observations at all Caribbean sites so that they are in better 
agreement with the observations and is also consistent with both the constraints 
of other relative sea-level studies (Kaufman and Lambeck, 2000, 2002; Lambeck 
et al. , 2002c) and rotational considerations (Johnston and Lambeck, 1999). 
2. Changes in Laurentide Ice Sheet melting history 
(a) Decrease in Laurentide Ice Sheet (LIS) ice volume during sub-stages 5d-5a -
t his modification increases the predicted gradient across the region of interest 
and is consistent with models and geologic models of ice extent at that time 
(Clark et al. , 1993; Kleman et al. , 2002). 
(b) ort hward shift of LIS during sub-stages 5d-5a - this modification also incr:eases 
the predicted gradient and is consistent with geologic evidence of ice extent 
during t hat period (Clark et al. , 1993). 
( c) Some changes to the ice-equivalent sea level for the sub-stage 5c and secondary 
5a sea-level high-stands have been made as discussed in section 6.7.4. In the 
preferred model, the classic sub-stage 5c sea-level high-stand occurs at 104 ka 
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BP and with an ice-equivalent sea level of -20 m. The sub-stage 5a events occur 
at 84 ka BP and 77 ka BP, both with ice-equivalent sea levels of -28 m. 
Further comprehensive studies of sea level during sub-stages 5d to 5a in the regions sur-
rounding the Laurentide Ice Sheet and other ice sheets are required in order to better 
constrain a detailed global ice melting history during the period following the last inter-
glacial. 
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Chapter 7 
Conclusions 
Sea-level change during the last glacial cycle provides constraints on fluctuations in ice 
volume through time and can be used to examine the factors involved in controlling cli-
mate change. The state of climate variability during sub-stages 5a and 5c is of importance 
because this period represents the transition between the interglacial conditions of sub-
stage 5e and the more heavily glaciated period leading into the last glacial maximum. 
In this thesis, I have adopted a multi-faceted approach to the investigation of sea level 
and climate change during this period, which includes both geochemical analyses and geo-
physical techniques. In this way, I have not only established the timing and magnitude of 
sea-level oscillations during the sub-stage 5a-5c period but have also used these observa-
tions to place constraints on ice sheet distribution and melting history as well as on earth 
rheology. By comparing the sea-level observations with other proxy climate records this 
study also provides insights into the processes involved in controlling climate variability. 
7.1 Barbados U-Th analyses 
U-Th dating of corals provides a timescale for changes in sea level during the late Pleis-
tocene. The use of this dating method requires that corals form closed systems with 
respect to uranium and thorium isotopes. A comparison of a sample's initial activity ratio 
of 234 U to 238 U ( expressed as 5234 U) with that of modern corals ("' 148.5%0) is considered 
the most useful quantitative test for judging the reliability of a coral's measured U-Th age. 
It has generally been assumed that the 5234 U of the ocean, and hence the initial 5234 U 
value in corals has not changed measurably over the last glacial cycle. 
In this study more than 0 U-Th analyses have been conducted on coral samples from 
sub-stage 5a and 5c deposits on the south and west coasts of Barbados. Within each 
group of samples from each deposit there is a range of initial 5234 U values (from 140%0 to 
>180%0) that are found to vary as a function of measured age (figure 7.1). Possible mech-
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anisms leading to initial 5234 U values that differ from the observed modern value include 
variations of the uranium isotopic composition of ocean water during the last glacial cycle 
and/ or mobilisation of uranium and thorium isotopes as a result of diagenetic alteration. 
A systematic lowering of oceanic 5234 U throughout the last glacial cycle (by 10-15%0), 
followed by a rapid rise to modern levels is implied by a compilation of coral data from 
this and other studies (trend 1 in figure 3.16). If ocean water 5234 U has varied during the 
last glacial cycle, this has profound implications for the interpretation of U-Th ages. Such 
variability could be due to one of several mechanisms including variations in riverine ura-
nium content or isotopic composition, storage and release of 234U from suboxic sediments 
and/or spatial variability in ocean 5234 U. Further investigation of the ocean's uranium 
budget and isotopic composition is required to establish the relative likelihood of these 
mechanisms. 
Not all of the observed variability of initial 5234 U (both the trend within individual de-
posits and the highly elevated values) can be explained by variations in oc,ean water 5234 U. 
There are a number of instances where different corals with a similar apparent age have 
distinctly different initial 5234 U values. Furthermore, rapid and large variations in samples 
from a single stratigraphic horizon cannot be explained by changes in oceanic 5234 U. It ap-
pears that systematic mobilisation of uranium and/ or thorium isotopes during diagenetic 
alteration can also lead to changes in a coral's initial 5234 U. This is a likely explanation 
for the correlation between apparent age and 5234U observed within individual deposits 
in this study and other studies. Diagenetic processes that have been proposed to explain 
this correlation include: (i) the continuous addition of 234 U and 230Th in a fixed ratio 
(Gallup et al., 1994); (ii) the addition of 234Th and 230Th fr9m an a-recoil source or the 
decay of dissolved uranium (Thompson et al., 2002; Fruijtier et al., 2000}; and/or (iii) the 
net removal of uranium with a preference for 238 U and primary 234 U relati~e to secondary 
234 U (Fruijtier,et al., 2000). Although each of these alternative models predicts similar 
t rends to that observed in the U-Th data, each has unresolved problems. It seems from 
this work that multiple processes are acting simultaneously, so open system ages cannot 
be 'corrected' to find a true age based on the predictions of these individual models_. 
The focus of this work has not been a comprehensive investigation of diagenetic processes 
leading to the observed correlation of measured age and 5234U in the presented data set. 
However, the sets of samples analysed here provide the basis for a future detailed study 
of their physical, chemical and isotopic properties. · This will allow a more thorough -inves-
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Feature Age (ka) Sea level (m) 
5a-l 76 .s±~:I -19±4 
5a-2 84.o±g:i -19±4 
5c 101.0±½:i -15±4 
6 16s.3±~:I -35±§0 
Table 7.1: Summary of age interpretations and sea-level calculations for the high-stand events 
identified in this study. The mean ages quoted above are based on the standard reliability criterion 
of comparing the samples calculated init ial 5234 U with the modern value (148.5%0). The quoted 
age uncertainties are asymmetric and take into account both the scatter of data points around 
the trend-line (which may represent either noise or a finite period of reef growth) and also the 
possibility of a lower than modern oceanic 5234 U at the t ime these events. 
tigation of the effects of diagenesis on a coral's U-Th system, as well as the possibility of 
c5234 U variation in the ocean during the last glacial cycle. 
Taking into account the scatter of measured ages and the potential variation in oceanic 
c5234 U, samples from the 'classic' sub-stage 5a and 5c deposits were found to have mean 
ages of 84.0±gj ka and 101.0±§:j ka respectively ( table 7.1). A distinct morphological 
terrace unit on the south coast was found to have a mean age of 76.8±~:I ka and is inter-
preted to represent a secondary sub-stage 5a sea-level event . This is the first time that a 
distinct period of reef growth of this age has been established using high precision U-Th 
dating techniques. These results confirm the suggestion of Schellmann an.9 Radtke (2001) 
that the uplifted terraces at Barbados have a more complex structure than suggested by 
earlier studies ( e.g. Broecker et al., 1968). A deposit with a mean age of 168.3±tI ka was 
also identified and appears to represent a sea-level excursion during MIS 6. 
7.2 Sea-level change during sub-stages 5a and 5c 
The sea levels associated with each of the sub-stage 5a and 5c deposits identified in this 
study have been calculated assuming a constant tectonic uplift at Barbados since the last 
interglacial highstand (table 7.1). The 'classic' sub-stage 5a and 5c events at rv84 ka and 
rv 101 ka BP reached sea levels of rv 19±4 m and rv 15±4 m below present respectively. 
The sea level associated with the newly identified rv77 ka BP deposit was calculated to 
be rvl9±4 m below present . The sea levels for the two sub-stage 5a events (at rv84 and 
rv77 ka BP) are the same, within uncertainties, but it is not clear if or by how much sea 
level fell between these two events. Because the ages of these features are tightly con-
strained compared to their age separation of rv7 ka, and considering that they correspond 
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Figure 7.1: (a) U-Th results for the in situ Barbad_os sub-stage 5a and 5c coral samples 
analysed in this study (chapter 3); (b) 65°N summer insolation (Berger and Loutre, 1991); (c) 
Ice-equivalent sea-level curve for the preferred model (R-3) established in chapter 6; ( d) GISP2 
818 0 record (Grootes et al., 1993; Grootes and Stuiver, 1997) plotted on ice core timescale (Bender 
et al., 1994) 
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to morphologically distinct deposits, it is likely that they represent two distinct sea-level 
oscillations. 
The MIS 5 Barbados sea-level record presented in this investigation implies a more complex 
local sea-level history than suggested in earlier studies. By comparing this record with 
sea-level observations at other locations, a true ice volume signal can be distinguished 
from local effects. Although the uplifted coral terraces at H uon Peninsula (P G) also 
point to multiple sea-level oscillations during this period (Chappell and Shackleton, 1986; 
Lambeck and Chappell, 2001), a direct comparison of sea level at different sites is not 
valid, however, because local isostatic effects need to be taken into account. 
An important illustration of this is seen in sea-level estimates for the peak of sub-stage 
5a across the Caribbean region, which vary by over 20 m (figure 4.15). At Barbados, the 
peak sub-stage 5a sea level reached f",.J 19±4 m below sea level ( this study); at Florida sea 
level reached 6-10 m below present (Ludwig et al., 1996; Toscano and Lundberg, 1999); 
estimates in the Bahamas range from f",.J 15 m below present to close to present sea level 
(Lundberg and Ford, 1994; Richards et al., 1994; Hearty and Kaufmann, 2000; Kindler 
and Hearty, 1996) and at Bermuda and the US East Coast there is evidence that sub-stage 
5a sea level reached above present (Muhs et al., 2002; Cronin et al., 1981; Szabo et al., 
1985; Wehmiller, pers. comm.). These apparently conflicting estimates have been the 
subject of controversy in the literature for many years and are often attributed to poor 
sample quality, non in situ sample collection, uncertainties in tectonic setting and/ or poor 
stratigraphic context. 
Local observations of relative_ sea levels do not simply record changes in ice-equivalent sea 
level. Instead, local sea-level change reflects the superposition of changes in ice-equivalent 
sea level and the deformation of the Earth and perturbation of the geoid in response to 
changing ice and water surface loads (glacio-hydro-isostasy). The sites mentioned above 
span the outer intermediate-field region associated with the Laurentide Ice Sheet and ex-
perience a range of glacio-hydro-isostatic effects, so the relative sea-level histories at these 
sites are expected to differ. The deformation of the Earth at the peak of sub-stage 5a 
relative to an equilibrium state does not vary significantly across the region of interest. 
In contrast the present day deformation of the Earth in that region does have a large 
gradient ( on the order of f"..120 m) due to the presence of the collapsing LGM glacial bulge. 
As a result we expect a substantial gradient in the glacio-isostatic component of sea-level 
change at the peak of sub-stage 5a relative to the present day. 
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The isostatic effects are a function of the surface ice and water loading history and of 
the Earth's rheology. However for any given area or time period these parameters are 
incompletely known. Temporally and spatially distributed relative sea-level observations 
provide the opportunity for placing constraints on these parameters. A comparison of iso-
static model predictions with observations of sub-stage 5a and 5c sea level for each of the 
Caribbean sites in chapter 6 has allowed constraints to be placed on both earth rheology 
and the melting history of the Laurentide Ice Sheet. 
Sites close to the Laurentide Ice Sheet's margins are particularly sensitive to the Earth's 
rheology. The comparison of predicted and observed sea level at sites on the US East Coast 
favours models with a high upper mantle viscosity (>4x 1020 Pas). However, at southern 
Caribbean sites, a low upper mantle viscosity ( <4x 1020 Pas) is more appropriate. Both 
of these alternative upper mantle viscosities may be valid because upper mantle viscosity 
is expected to vary laterally across this region (Grand, 1994). A high lower mantle vis-
cosity ( up to 3 x 1022 Pa s) improves the agreement of predicted and ob,served sea levels 
across the entire study region, but is particularly important for the southern Caribbean 
sites. These changes in earth rheology are supported by other observations of geophysical 
parameters and post-glacial sea-level studies (Kaufmann and Lambeck, 2000, 2002; Okuno 
and Nakada, 2001; Nakada and Lambeck, 1991). 
The comparison between the predicted and observed sea levels indicate that the LIS was 
located further north during the 5d-5a period and that it contributed less ice ( as a pro-
portion of global ice volume) at this time compared to the LGM. This northward shift 
and smaller volume for the LIS during sub-stages 5d-5a is also consistent with geological 
observations of ice extent for that period (Clark et al., 1993; and Kleman et al., 2002). In 
the preferred model, the LIS contributes less than rv20 m to the lowering . of ice-equivalent 
sea level during the entire MIS 5 period. An increase in the volume of the LIS during 
t'he LGM and the last deglaciation also improves the agreement between observed and 
predicted sea levels. A 30% increase · of Licciardi et al. 's (1999) maximum ice model was 
made in the preliminary model, but no further increase is required with the MIS . 5 ice 
history discussed above. This is broadly consistent the constraints of post-glacial sea-level 
studies (Tushingham and Peltier, 1991; Lambeck et al. 2000). 
The preliminary ice-equivalent sea-level model used in this study was based on the Huon 
Peninsula sea-level record. The comparison of the observed and predicted sub-stage 5a and 
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5c sea levels at this location and others ( e.g. at Barbados and elsewhere in the Caribbean 
region) has led to modifications of the preliminary curve. In the preferred ice-equivalent 
model, sea level reaches rv20 m below the present at the peak of sub-stage 5c and rv28 
m below present for each of the sub-stage 5a events identified at Barbados in this study. 
Opportunities remain for improved spatially and temporally distributed sea-level obser-
vations to provide tighter constraints on the melting history of the Laurentide Ice Sheet 
and changes in ice-equivalent sea level during the last glacial cycle. 
7.3 Links between sea level and climate during sub-stages 
5a and 5c 
The broad trends in stacked c5 18 0 records ( e.g. Imbrie et al., 1984) imply that there were 
two main oscillations in ice volume during marine isotope sub-stages 5a and 5c. This 
simple picture is consistent with Milankovitch's (1941) insolation forcing model. How-
ever, sea-level observations at Barbados (this study) and Huon Peninsula (Lambeck and 
Chappell, 2001) suggest that there was more complexity in the sea-level oscillations at 
that time (figure 7.1). Suborbital climate variability during 1:IS 5 is also evident in other 
proxy records of climate change. Discrete episodes of enhanced ice rafted debris (IRD ) 
deposition during MIS 5 are evident in orth Atlantic Ocean sediment records (McManus 
et al., 1994· Chapman and Shackleton, 1999), and have a similar periodicity to the Hein-
rich events during MIS 3 (Bond et al., 1993). These MIS 5 events can also be linked to 
episodes of cooling in the orth Atlantic ocean (McManus et al., 1994) and Greenland 
(Chapman and Shackleton, 1999). These observations indicate that other processes, in 
addition to insolation forcing, are influencing the pattern of glaciation during sub-stage 
5a and 5c. 
Although there are similarities in the records of climate variability during _ IS 5 and 
HS 3 such as the frequency of the major ice rafting events and sea-level excursions, 
there are also some obvious differences: (i) the magnitude of the MIS 5 IRD layers are 
smaller than during MIS 3 and (ii) the composition of the MIS 5 IRD layers indicates mul-
tiple source regions (Chapman and Shackleton 1999) rather than the predominantly LIS 
source of the IS 3 e ents (Bond and Lotti 1995). This comparison implies that the ice 
distribution of the LIS was different during MIS 5 than during later periods. Independent 
geological obser ations (Clark et al. 1993) and the conclusions of chapter 6 also suggest 
that the LIS was located further north and contributed significantly less ice ( as a propor-
tion of the global ice olume) during IS 5 compared to IS 3 and the LG . Ice cover 
in Arctic Russia including shelf ice was much more extensive during IS 5 than later 
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in the glacial cycle (Svendsen et al., 1999). Perhaps instability of the Russian or other 
coastal ice sheets, instead of the LIS, was responsible for periodic climate interruptions 
during the MIS 5 period. Records of MIS 5 ice rafted debris in other regions, such as the 
Arctic or Southern ocean, may test this possibility. 
How are these North Atlantic climate instabilities related to the oscillations in global 
ice volume observed in the Barbados and Huon Peninsula records? Perhaps insolation-
ind uced melt played a role in destabilising coastal ice sheets in the North Atlantic. In 
this scenario, the ice rafting triggered by the gradual sea-level rise leads to an interrup-
tion of the North Atlantic thermohaline circulation and the subsequent cooling of the 
region, preventing further insolation melt. Upon a re-start of the thermohaline circula-
tion an enhanced moisture source leads to growth of ice sheets and fall in sea level before 
insolation-induced melt again dominates. This mechanism, which would be active dur-
ing periods of high insolation variability may explain why multiple sea-level oscillations 
are associated with single insolation maxima. However, this scenario cannot explain the 
early sub-stage 5a sea-level rise, relative to the timing of the insolation_rise (figure 7.1) 
or the additional sea-level oscillation during the sub-stage 5/ 4 transition. Regardless, sea 
level during this period is likely to hav~ been the result of a dynamic interplay between 
insolation forcing and internal climate instabilities. The details of any mechanism are 
speculative and would, of course, be influenced by the location of the various ice sheets 
and their susceptibility to destabilisation and collapse. More spatially distributed, high 
resolution MIS 5 records are required to examine these processes in further detail. · 
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Reef Bobongara Kwambu Kwangam 
VIa Broad platform with Sharp cliff - several m Sm of reef platform 
12m shallow water of shallow water facies shallow water facies and 
facies further 10-15m of reef 
crest framework and 
bioclastic limestone 
VIb ~2m of shallow water Irregular discontinuity Thin, 2-3m platform reef 
facies -coral between upper unit of crest facies overlying 
limestone shallow water facies unit with heads then 
and lower unit of mixed broken material 
porites, faviid heads 
Vamain Well developed - -
platform, >6m of 
shallow water coral 
limestone. Reef 
platfQrm - massive 
A.palifera community 
Vaoute Several metres of 7-8 m of shallow water 7-8 m of shallow water 
r shallow water f acies reef crest facies facies 
Vb Sandy limestone cap - 2-3 m of rubbly 
not well developed in grains tone 
some places (<lm) . 
.. 
Va appears at some 
locn to be an erosional 
bench in Bobo beds 
IV Wide platform - - -
shallow water facies 
Table A.1: Summary of field notes for reefs VIa, VIb, Vamain, Vaouter, Vb and IV from 2001 
field expedition to Huon Peninsula 
Sample XRD Hf 23su 232Th c5234Um :j: 230Th/23gUact Age§ 6234ui , 
No.* (m) (ppm) (ppb) (%0) (ka) %0 
HU13-2 9.6 2.82 0.14 105.82± 1.02 0.6999± 0.0009 105.9± 0.3 142.9± 1.3 
HU13-6 11.6 2.2417 0.19 106.14± 1.07 0.8168± 0.0021 140.5± 0.8 158.1± 1.5 
HU13-8 10.6 2.37 0.15 103.11± L02 0. 7903± 0.0010 132.8± 0.4 150.2± ,1.4 
Table A.2: Huon Peninsula, reef VIb, Kwangam: Isotope Ratios and U-~30Th age calculations. 
See table 3.3 caption in chapter 3 for explanation of symbols. 
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Author Reef Sample# Age sigma Age 6234u Comment 
Stein Vllb KIL-S(a-1) 119 .5 1.2 150 
Stein Vllb KIL-S(a-2) 117 .6 1.2 154 
Stein Vllb KIL-Sb 116.4 1.8 154 
Stein Vllb HP-47 118 .1 1 159 
Chappell Vllb 618a 116 7 
Chappell Vllb 618b 119 7 
Omura Vllb KIL-3 116.4 3 167 
Stein VIia KAM-A-1 118.7 1.4 168 
Stein Vllb HP-22 135 .8 1.9 157 
Stein Vllb HP-23a 134.7 1.3 151 
Stein Vllb HP-23b 131 .9 1.2 154 
Stein Vile SIAL-M-3 134 1.9 169 
Esat Vllb HP-23 136 .7 1.6 155 
Bloom VII 1347G 142 8 
Chappell Vila 616a 140 10 
Chappell Vila 616b 133 10 
Omura Vila SIAL-M-1 101.4 2 .8 156 
Omura VIie BWW-0-2 148 4 .1 154 
Omura Vile KWAN-U3 147 .1 3 .5 146 12 m below VIie 
Table A.3: Summary of Huon Peninsula reef VII U-Th age analyses. References - Stein et al. 
(1993), Chappell et al. (1996a), Chappell (1974), Omura et al. (1994), Esat et al. (1999), Bloom 
et al. (1974) 
Author 
Bloom 
Bloom 
Esat 
Esat 
Esat 
Esat 
Esat 
Esat 
Omura 
Omura 
Omura 
Omura 
Esat 
Esat 
Esat 
Esat 
Esat 
Esat 
Omura 
Omura 
Omura 
Table A.4: 
table A.3. 
Author 
Bloom 
Bloom 
Bloom 
Omura 
Omura 
Omura 
Omura 
Omura 
Table A.5: 
table A.3. 
Author 
Omura 
Chappell 
Chappell 
Chappell 
4 Chappell 
Table A.6: 
table A.3. 
Reef Sample# Age sigma Age 6234 u Comment 
VI 1353A 107 9 
VI 1347C 107 6 
Via KWAM-U1 113 .2 0 .8 143 base Via 
Via KWAM-U2 98 .8 0 .8 151 Sm above Via base, 12 m below in cave 
Via KWAM-U12 106 .4 144 not in situ, 4.5 m below Via in gravel bed 
Via KANZ-U3 92 . 1 0 .7 150 3 m below overhang @ foot of cave 
Via KANZ-U4 112 .7 0 .8 156 11 m below Via crest 
Via NAND-U1 118 0 .9 154 
VI SIAL-O-2 107 .8 2.6 154 
VI SIAL-O-1 114 .4 3 .1 167 
Via KWAM-10 74.4 1.2 140 U cone too high 
Via NUZE-1 110 2.1 131 
Vlb KWAN-U4 89 .5 0 .7 139 VIie, 12 m below or KWAM-4 , VA, 4.5 m below 
Vlb KWAN-US 131 .6 1 140 Vile, 5 m below or KWAM-5, 4.5 m below 
Vlb KWAN-U9 128 .1 0 .9 146 3 m below Vlb 
Vlb-AC AC-U12 115 0 .9 146 
Vlb-AC AC-U17 107.8 0.8 139 
Vlb-AC AC-U18 112 .2 1 140 
Vlb KWAN-U10 131 .7 2.7 155 base Vlb 
Vlb KWAN-U11 125 .6 2 .6 145 base Vlb 
Vlb KWAN-U11b 128 .5 2 .8 146 base Vlb 
Summary of Huon Peninsula reef VI U-Th age analyses. References 1n 
Reef Sample# 
V 1347F 
V 1347B 
V 1353E 
V KWA-S-1 
Va KWAM-4 
Va KWAN-U18 
Vb BWW-B-1 
Vb BWW-C-1 
Age 
61 
84 
86 
93 .9 
90 .9 
67 .5 
93 .7 
105.5 
sigma Age 
4 
4 
4 
2 .3 
1.8 
1. 1 
2 .3 
2 .8 
136 
151 
153 
153 
150 
Comment 
4.5 m below crest 
U cone to high , Sm below crest 
caption to 
Summary of Huon Peninsula reef V U-Th age analyses. References rn caption to 
Reef Sample II Age sigma Age 6234U Comment 
IV FRT-F-1 72 .8 2 .2 147 
IV FAT-F-1 72 .8 2 .2 147 
IV SIAL-U2 64 .9 1. 7 138 
IV SIAL-U4 69 .9 1.1 142 
IV SIAL-U6 71.9 0 .5 150 
Summary of Huon Peninsula reef IV U-Th age analyses. References 1n caption to 
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Table A . 7: Summary of sea level calcuations assuming reef VIIa represents growth at 128 ka 
BP at a paleo-sea level of 4±2 m above present. This is similar to the calculation of Lambeck and 
Chappell (2001). The paleo-sea level calculated here for reef Vb is ,___,37 m below present assuming 
an age of 77 .8 ka.- Lambeck and Chappell (2001) assumed the same age but the sea level calculated 
for this feature alone was based on assuming an age· of 118 ka for the last interglacial reef (rather 
than the 128 ka for the other events) . The Lambeck and Chappell (2001) sea level c·urve was used 
for the basis of sea level calculations in chapter6, but the sea level associated with this feature is 
eventually revised in the final preferred ice-equivalent sea level model based on a comparison of 
the predicted and observed sea levels at a number of locations. Because the rear reef elevations 
were used for the calculations, no allowance for growth depth was included. 
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Sea level calculation based on reef Vllb at 119 ka BP and 0±2m 
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